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THERMAL DENATURATION OF TOBACCO MOSAIC VIRUS 
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In recent studies (6, 7), the thermal inactivation of unpurified 
tobacco mosaic virus was shown to follow the course of a first 
order reaction. However, dilution of the plant juice containing 
the virus was found to result in an increase in the reaction rate. 
Moreover, the thermal inactivation point of this unpurified virus 
was observed to be between 90° and 93°, in contrast with the ther- 
mal inactivation point of about 75° reported for the purified 
virus by Stanley and Loring (9). In view of these observations, 
it was thought desirable to study the kinetics of the heat dena- 
turation of purified virus under relatively well controlled con- 
ditions in order to learn whether or not there is any relationship 
between the inactivation and denaturation phenomena and to 
find, if possible, explanations of some of the observations just 
mentioned. 


EXPERIMENTAL 


Discussion of Experimental Method—Most of the experiments 
reported were carried out on an old sample of virus purified by 
ammonium sulfate precipitation (8). In two experiments, a 
fresh sample of virus purified by differential centrifugation (11) 
was used. Except when otherwise designated, a few ml. of a 
cold concentrated solution of virus dissolved in 0.1 m phosphate 
_ buffer were added to at least 3 times their volume of hot 0.1 m 
' phosphate buffer solution at the same pH value in a large test- 
_ tube immersed in a water bath held at the desired temperature, 
' +0.2°. The virus solution in the bath was stirred constantly 
_ by mechanical means. The stirring and the adding of the virus 
_ to hot buffer were resorted to in order to reduce the time required 
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by the virus to reach the temperature of the bath. Samples 
were withdrawn from the tube periodically by means of a pipette 
and were immediately cooled by immersing in ice water. In a 
few tests, the virus was heated without agitation in a number of 
small tightly stoppered test-tubes immersed in the water bath or 
stored in oil baths in constant temperature ovens. Periodically 
one tube from each batch was cooled as described above. Under 
the conditions obtaining in this study, the denatured virus pre- 
cipitates, even before cooling, in moderately large amorphous 
particles. This material was separated from the remaining sol- 
uble protein by spinning for a few minutes in a laboratory cen- 
trifuge. The concentration of the soluble material was then 
determined by the micro-Kjeldahl method.! 

In addition to the errors inherent in the micro-Kjeldahl method, 
several limitations are encountered in determinations of this sort. 
A brief period is required for the virus in hot buffer to attain the 
temperature of the bath. Vigorous stirring of both the reacting 
solution and the bath tends to decrease this lag. Its effect be- 
comes negligible if the first sample is withdrawn after the equilib- 
rium temperature has been reached and if the initial virus concen- 
tration is ignored in calculations of the rate of the reaction. A 
second source of error is a consequence of the relatively high tem- 
perature coefficient of the denaturation reaction. Minor fluc- 
tuations in temperature may result in appreciable error. At the 
higher temperatures, the reaction proceeds so rapidly that samples 
must be taken at time intervals only slightly longer than the time 
required for the sampling process. Obviously, serious errors may 
result in this case. A third error should be expected in light of 
the finding of Bawden and Pirie (1) and of Stanley and Loring 
(9) that nucleic acid is split off from the virus upon heat denatura- 
tion. 

Under the conditions of denaturation obtaining in this study it 
was found that essentially all of the carbohydrate, as measured by 
the orcinol method, remains soluble upon denaturation of about 
90 per cent of the virus. From this observation it may be in- 
ferred that all or most of the nucleic acid of the denatured virus 
has remained in the supernatant liquid. The Kjeldahl method 

' The authors wish to acknowledge the assistance of Mr. Martin Hanig, 
who performed the analyses reported in this paper. 
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should be expected, therefore, to give values for the protein con- 
centration of the supernatant liquid which are somewhat too 
high. The error should progress from 0 at the beginning of the 
denaturation to the order of 50 per cent when the reaction has 
reached 90 per cent completion. It is possible to correct the 
experimental data by using the following equation, C = (C,;—bCo,)/ 
(1 — b), where C is the actual concentration of virus protein 
in the supernatant liquid, C,; is the measured protein concen- 
tration, Co is the initial concentration of the virus, and 6 is the 
fraction of the total nitrogen of the virus present in the nucleic 
acid. In the experiments here reported, Co has an approximate 
value of 6 mg. per ml. in most cases, and 3 mg. per ml. in the 
remaining cases. According to Loring (4), tobacco mosaic virus 
contains about 5.2 per cent nucleic acid which has a nitrogen 
content of about 15.1 per cent. The factor b then becomes 
(5.2 < 15.1)/(100 X 16.6) = 0.047. Although it can be shown 
mathematically that, if the reactions are allowed to proceed only 
to about 80 per cent of completion, no serious error can result in 
the estimates of the reaction velocity constants due to the nucleic 
acid accumulation, the error does make it more difficult to decide 
upon the order of the reaction. Especially for this latter reason, 
the data reported in this paper are all corrected by means of the 
equation described above. 

Presentation of Data—The results of eighteen denaturation ex- 
periments on purified tobacco mosaic virus carried out as described 
previously are summarized in Table I. All experiments were 
done with old, chemically purified viruses, except Experiments 
17 and 18, in which ultracentrifugally isolated material was used. 
In Experiments 8, 11, and 16, the virus was heated without agita- 
tion in stoppered tubes instead of in the open tube with stirring. 
The initial concentrations of virus in the reacting solutions were 
about 6 mg. per ml. in most experiments and about 3 mg. per ml. 
in the others. The former are designated as initial dilutions of 
1:1 and the latter as 1:2 in Table I. The pH values reported 
were measured at room temperature by means of a glass electrode 
on solutions prepared in the same manner from the same stock 
solutions as those being heated. The k values reported were 
calculated from the slopes of the straight lines best fitting the 
data when the natural logarithms of the corrected concentrations 
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TABLE | 
Heat Denaturation of Tobacco Mosaic Virus under Various Conditions 











} - | Concentration 
. _ pH at of soluble 
—— — "diloe a Time oe k (first order) 
No, ture tion aber 
| Meas- | Cor- 
ured | rected | 
*C | min, | ene. | por | min,~! 
l 67 1:1 | 7.05 10 | 6.24 | 6.24 | 0.00424 + 0.00015 
20 | 6.04 | 6.04 | 
32 | 5.74 | 5.73 
40 | 5.45 | 5.42 
50 | 5.35 | 5.32 | 
60 | 5.14 | 5.10 
70 | 4.88 | 4.82 
| 80 | 4.72 | 4.66 
2 69 | 1:1 | 7.05 15 | 5.23 | 5.19 | 0.00874 + 0.00013 
| 30 | 4.52 | 4.45 
45 | 3.95 | 3.74 
60 | 3.51 | 3.39 
75 | 3.14 | 3.00 
90 | 2.83 | 2.68 
3 | 71 | 1:1 | 7.05 3 | 5.74 | 5.74 | 0.0472 + 0.0016 
| 6 | 4.72 | 4.66 
9 | 4.37 | 4.29 
12 | 3.76 | 3.65 
15 | 3.43 | 3.30 
18 | 2.87 | 2.72 | 
| 21 | 2.50 | 2.33 
| 24 | 2.31 | 2.13 
{ 73° | 1:1 | 7.05 3 | 4.44 | 4.37 0.198 + 0.003 
6 | 2.63 | 2.46 | 
9 | 1.59 | 1.37 
12 | 0.98 | 0.73 
5 73 1:1 | 7.05 1 | 5.80 | 5.78 | 0.171 + 0.001 
| 2 | 5.20 | 5.16 
3 | 4.05 | 3.96 | 
4 | 3.82 | 3.72 
5 | 3.55 | 3.43 | 
6 | 2.80 | 2.64 
8 | 1.86 | 1.66 
6 74 | 1:1 | 7.05 4 net ae ae 
4 | 2.97 | 2.82 | 
| 6 | 1.86 | 1.66 | 
| =| 8 | 0.94 | 0.69 | 
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TaBLe I—Continued 























7 _ Conoentration 
> at of soiubie 
—. bs rs (room Time | see k (first order) 
No. ture tion aa 4 | <a ; Con | 
| ured | rected 
‘c. min, |e, | me, sin, 
7 76 1 | 7.05 1 | 5.06 | 5.02 | 0.855 
2 | 2.63 | 2.47 | 
3 | 1.15 | 0.91 | 
g* 60 :2 | 7.05 460 | 2.72 | 2.70|(6.31 + 0.43) x 10° 
1,440 | 2.48 | 2.46 
1,880 | 2.60 | 2.58 
| 2,860 | 2.41 | 2.38 
/ 5,750 | 1.97 | 1.92 
8,600 | 1.69 | 1.63 
9 69 :2 | 7.05 5 | 2.70 | 2.68 | 0.0354 + 0.0045 
20 | 2.02 | 1.97 
35 | 1.52 | 1.45 
50 | 0.67 | 0.56 
65 | 0.47 | 0.35 
10 71 72 | 7.05 3 | 2.46 | 2.43 | 0.0894 + 0.0120 
6 | 1.86 | 1.80 
9 | 1.11 | 1.02 | 
12 | 1.18 | 1.09 | 
15 | 0.84 | 0.73 
18 | 0.88 | 0.78 
21 | 0.51 | 0.39 | 
u* | 71 2 | 7.05 0 | 3.16 | 3.17 | 0.0880 
7 | 1.75 | 1.69 
| 14 | 1.01 | 0.91 
21 | 0.62 | 0.50 
12 73 :2 | 7.05 2 | 2.19 | 2.15 | 0.352 + 0.029 
3 | 1.52 | 1.45 
4 | 1.32 | 1.24 
5 | 0.84 | 0.73 
6 | 0.64 | 0.52 
13 78 :1 | 6.10 10 | 5.20 | 5.16 | 0.087 
20 | 3.62 | 3.50 
30 | 1.15 | 0.91 
14 79 ‘1 | 6.10 6 4.99 | 4.980.121 + 0.018 
9 | 4.55 | 4.48 | 
12 | 3.64 | 3.52 
| 15 | 2.87 | 2.72 
| 18 | 1.48 | 1.26 
21 | 1.08 | 0.84 | 
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TaBLe I—Concluded 


Concentration 


Experi-| Tem- | Initial pH at — 
ment pera- dilu- A Time “3 k (first order 
No. ture tion 
ature Meas-  Cor- 
ured | rected 
a min, I aa od, min, 
15 81 B28 6.10 3 | 4.89 | 4.84 | 0.184 
6 | 3.34 | 3.26 
9 | 1.92 | 1.72 
12 | 1.18 | 0.94 
16* 71 2k 1 Oa 5,320 | 5.70 | 5.68 | (1.33 + ().22) 10-5 
22,600 | 3.54 | 3.42 
44,200 | 3.37 | 3.24 
68,680 | 2.70 | 2.54 
90,280 | 1.75 | 1.54 
17 69 1:1 7.05 10 | 5.52 | 5.50 | 0.0135 
75 | 2.46 | 2.28 
18t 73 1:1 | 7.05 1 | 5.77 | 5.75 | 0.201 
7 | 1.92 | 1.72 


* Stoppered tubes, no stirring. 
t Ultracentrifugally isolated virus. 


of undenatured virus were plotted against the time of the reaction. 
They are, therefore, first order reaction velocity constants ex- 
pressed in units of reciprocal minutes. The justification for 
calculating first order constants will be considered presently. 
Order of Reaction—As was shown by Chick and Martin (2), 
the heat denaturation reactions of hemoglobin and egg albumin 
are of the first order. The results of Wu and Ling (10), on 
the other hand, indicate that the surface denaturation reactions of 
methemoglobin and egg albumin are of the zero order. A reac- 
tion of this latter type progresses at a constant rate irrespective 
of the concentration of the reacting material, and it can be de- 
scribed by the simple differential equation, —dC/dt = ko. C is 
the concentration of the undenatured material, ¢ is the time, and 
k is the velocity constant. If the rate of the denaturation at any 
given instant is directly proportional to the concentration of the 
reactant at that instant, the reaction is of the first order and may 
be described by the equation, —dC/dt = k,C. If two protein 
particles must come together and react before they can denature, 
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the process is a second order reaction which can be described by 
the equation —dC/dt = k,C*. If three particles must come to- 
gether simultaneously before denaturation can occur, the reac- 
tion is of the third order and may be described by the equation, 
—dC/dt = k;C*. When these four equations are integrated, 
they may be written as follows: zero order, C = Co — kot; first 
order, log. C = loge Co — kit; second order, 1/C = 1/Co + 
ket; third order, 1/C? = 1/C? + 2kst. In these equations, 
Cy is the initial concentration and ¢ is the time interval from the 
beginning of the reaction. In each of the above equations, some 


ci mg/ml) 
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Fic. 1. Curves illustrating denaturation rates at several different tem- 
peratures of purified tobacco mosaic virus in 0.1 M phosphate buffer. 
(Initial concentrations about 6 mg. per ml., pH 7.05.) 


function of the concentration is linearly related to the time, and 
the slope of the line in each case is a simple multiple of the velocity 
constant. 

It may be seen in Fig. 1 that when log, C is plotted against ¢ 
for the denaturation of the virus at several temperatures, the data 
fit straight lines fairly closely, indicating that heat denaturation 
of the virus may follow the course of a first order reaction. How- 
ever, inasmuch as there is considerable error in each experimental 
point, it is also possible to fit straight lines to the data when 
either C or 1/C is plotted against t. The data allow no doubt 
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that 1/C? is not a linear function of ¢. Although simple inspec- 
tion reveals that the fit is usually best when log, C is plotted 
against t, the data have been treated statistically in order that the 
conclusion concerning the order of the reaction may be as sound 
as the data permit. For all the experiments reported in Table I 
in which more than four experimental points have been recorded, 
the best fitting straight lines were determined by the method of 
least squares for the cases in which C, log, C, and 1/C are con- 
sidered as functions of ¢. The standard error of estimate was 
then calculated for each line according to the following equation, 
standard error = (= (Y — Y’)*)/((N — 2) = (X — X)?), when Y 


TABLE II 


Comparison of Errors Involved in Fitting Denaturation Data to Zero, First, 
and Second Order Equations 


r value 
Experiment No. = a 

0 order Ist order 2nd order 
1 26 . 26 29 .06 26 .35° 
2 10.65 21.29 42.23 
3 14.52 29.75 16.19 
5 13.01 12.50 6.34 
8 12.68 14.63 14.60 
y 11.12 7.94 4.40 
10 5.55 7.45 4.57 
12 8.60 12.24 6.15 
14 13.66 6.89 4.25 


16 | 4.39 6.02 4.63 
is the calculated value of C, log. C, or 1/C as the case may be, 
Y’ is the observed value, N is the number of observations, X 
is the mean time, and X is the observed time. The slopes of the 
lines divided by their standard errors are summarized in Table II. 
The greater the magnitude of this statistic, designated here as 
r value, the better is the fit of the data to the straight line in ques- 
tion. It may be seen in Table II that in seven of the ten experi- 
ments thus analyzed the data favor first order over zero order 
equations and in nine of the ten cases first order over second order 
equations. Since there is no good reason to believe that the order 
of the reaction should be different at one temperature from that 
at another, the data taken as a whole make it appear probable 
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that the denaturation of the virus is a reaction of the first order. 
This probability is enhanced by the fact that there can be no doubt 
that the thermal inactivation of the virus is a reaction of the first 
order (7). However, an experiment subjected to more precise 
control was designed specifically to yield further information on 
this question. 

The general plan of the experiment parallels that described 
previously, but it differs from that of the others in that a larger 
volume of protein was used and many more precautions were 
exercised than would have been practical for any considerable 
number of tests. The temperature was held at 69.8° + 0.045°, 
with fluctuations completing one cycle every 40 seconds. Evapo- 
ration from the reacting tube was prevented by placing a layer of 
melted paraffin over the surface of the hot material. 5 ml. 
samples were withdrawn every 14 minutes for the first 196 min- 
utes, and a final sample was taken after 250 minutes. A long 
stainless steel tube, which was allowed to remain in the reacting 
system, and a 5 ml. hypodermic syringe were used for the sampling. 
The reaction, in this case, was allowed to proceed to 97 per cent 
completion, greatly increasing the sensitivity of the test for the 
order of the reaction. This was made possible by completely 
eliminating the error due to nucleic acid accumulation in the super- 
natant liquid. Instead of analyzing the supernatant liquids 
directly after the denatured protein was removed, we denatured 
aliquots of them to completion by heating for 4 hour at 100°, 
and the flocculated protein, separated by centrifugation and fil- 
tration, was measured by the micro-Kjeldahl method. This 
procedure allows one to detect the amount of soluble protein 
capable of becoming insoluble upon heating, which is, of course, 
exactly what is wanted. The results of this experiment are 
shown in Table III. In Fig. 2, log, of the concentration of 
coagulable soluble protein is plotted against time. It is evident 
that the reaction may be described by the first order equation. 
According to the method of analysis of the data used in the less 
sensitive experiments, + values for zero, first, and second order 
equations of 12.7, 68.6, and 7.6, respectively, were obtained. 
This result is overwhelmingly in favor of the reaction being of the 
first order. 

Degree of Reproducibility—The degree of reproducibility of the 
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TABLe III 


Heat Denaturation of Tobacco Mosaic Virus (6 Mg. per Ml.) in 0.1 
Phosphate Buffer at pH 7 and 69.8 


Concentration of Concentration of 
Time soluble, coagulable Time soluble, coagulable 
protein protein 
min. mg. per ml. min, mg. per ml, 
0 5.91 112 1.13 
5.96 1.16 
14 4.20 126 0.34 
4.37 0.91 
28 3.34 140 0.76 
3.29 0.81 
42 2.84 154 0.69 
2.89 0.66 
56 2.42 168 0.51 
2.42 0.55 
70 2.05 182 0.43 
84 1.65 0.45 
1.70 196 0.40 
98 1.38 0.38 
1.38 250 0.14 


0.13 
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log. C ( mg/m.) 
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) 50 100 150 200 250 
Time in minutes 
Fig. 2. Data of Table III plotted according to a first order equation 
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rate of denaturation of a given virus preparation may be estimated 
by comparing the velocity constants 2.0 K 10 and 1.7 X 10° 
calculated for Experiments 4 and 5 (Table I) on chemically iso- 
lated material at 73° and pH 7.05. The extent to which the 
denaturation rates are independent of the methods of virus prep- 
aration may be judged by comparison of the k value of Experi- 
ment 17 (13.5 < 10-* at 69°) with that of Experiment 2 (8.7 
x 10-* at 69°) and by comparing the k value of Experiment 18 
(2.0 X 10 at 73°) with those of Experiments 4 and 5 (2.0 and 
1.7 X 10-', respectively, at 73°). Experiments 17 and 18 were 
conducted with recently ultracentrifugally isolated material, 
and Experiments 2, 4, and 5 with old, chemically pwiified virus. 
Evidently the rate of heat denaturation is not influenced by the 
differences between chemically and ultracentrifugally purified 
virus, which are reflected by the higher degree of aggregation and 
the lower specific infectivity of the former (5). The effect of 
stirring the reacting material may be seen by comparing the k 
value 8.9 X 10-? of Experiment 10, carried out in the usual way, 
with the value 8.8 X 10~* of Experiment 11 in which the virus 
was denatured without being stirred in several small stoppered 
test-tubes. A true picture of the reproducibility of this dena- 
turation may be gained by examining the points, corresponding 
to the experiments mentioned above, lying near the lower curve of 
Fig. 3. The dimensions of the points on this curve are fair es- 
timates of the error inherent in each determination. From all 
of these comparisons it may be concluded that the rate of de- 
naturation of the virus is a reproducible property of the material. 

Temperature Coefficient—Arrhenius proposed the equation d 
log. k/dT = E/RT?, where T is the absolute temperature, £ is a 
constant usually identified as the energy of activation, and R is 
the gas constant. This equation may be integrated and expressed 
in the form, log, k = constant — (#/RT). By plotting log, k 
against 1/7’ one should obtain a straight line of slope —Z/R. 
It may be seen in Fig. 3 that when the logarithms of the k values 
obtained at pH 7.05 are plotted against 1/7 the points group 
fairly nicely about two straight lines with essentially equal slopes. 
The upper line is drawn to fit the data for systems whose initial 
concentrations were about 3 mg. per ml. and the lower curve is 
drawn to fit data for systems whose initial concentrations were 
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about 6 mg. per ml. The slope of these curves, — E/R, is equal 
to about —7.65 X 10‘, and from this it may be estimated that EZ, 
the energy of activation, is about 153,000 calories per mole. 
This value is of the order of magnitude frequently encountered in 
protein denaturations. 

Effect of Dilution—By comparing the k value reported in Table 
I obtained from Experiment 9 with those obtained from Experi- 
ments 2 and 17, those of Experiments 10 and 11 with that of Ex- 
periment 3, and that of Experiment 12 with those of Experiments 








2.86 990 2.94 2.98 3.02 
i/t x 10° 


Fig. 3. Curves obtained when the velocity constants of the denatura- 
tion of tobacco mosaic virus at pH 7.05 are plotted as functions of absolute 
temperature according to the Arrhenius equation: upper curve for systems 
with initial virus concentration of about 3 mg. per ml.; lower curve for 
systems with initial virus concentration of about 6 mg. per ml. The 
numbers near the points on the curves represent experiment numbers cor- 
responding to those recorded in Table I. 


4, 5, and 18, it may be seen that virus solutions in which the initial 
concentration was about 6 mg. per ml. denature approximately 
half as fast as those in which the initial virus concentration was 
about 3 mg. perml. By examination of Fig. 3 it may be seen that 
the straight line fitted by the method of least squares to the data 
for the dilute solutions is displaced from the one fitted to the data 
for the concentrated solutions by approximately log. 2. This in- 
crease in reaction rate upon dilution parallels the similar finding 
for the case of unpurified virus (7). As may be seen in Fig. 2 
of the paper referred to, a 1:20 dilution with water of the plant 























M. A. Lauffer and W. C. Price 13 


juice containing virus resulted in approximately a 20-fold increase 
in the rate of inactivation. Since there is a possibility that slight 
changes in pH accompanied the dilution in this latter case, it is 
impossible to say just how much of the observed increase in ve- 
locity is actually the effect of lowering the virus concentration. 
This uncertainty, however, does not obtain in the case of the 
purified virus. A possible explanation of the inverse relationship 
between initial virus concentration and reaction rate is that some 
grouping within the virus is acting as a negative catalyst or an 
inhibitor for the denaturation.’ 

Effect of Changing the pH—An examination of Experiments 13, 
14, and 15 (Table I) reveals that at pH 6.10 denaturation takes 
place at a rate comparable to that at pH 7.05 only when the 
temperature is 7° or 8° higher. A comparison of Experiment 16 
carried out at pH 5.77 at 71° with Experiment 3 carried out at 
pH 7.05 at 71° shows that there is a 3500-fold increase in the rate 
of denaturation at the higher pH over that at the lower one. It 
would appear that the reaction rate varies inversely with some- 
thing like the third power of the hydrogen ion concentration,’ 
being greater in more alkaline and less in more acid solutions. 
In this respect, the virus differs from those proteins which show 
a minimum rate of denaturation at the neutral point. As was 
pointed out previously, the thermal inactivation point of purified 
virus is about 75°, whereas that of the unpurified material in 
plant juice is between 90° and 93°. The acidity of expressed 
plant juice is generally about pH 5.5 and the studies on purified 
virus were carried out at acidities near pH 7 (1, 9). In view of 
the findings of the present study, these facts alone could account 

? This effect of dilution may also be considered in terms of the concepts 
of absolute reaction velocities (see La Mer (3)). It may be calculated that 
the entropy of activation in initially dilute virus solutions is greater than 
in initially more concentrated solutions. Taking into account such fac- 
tors as ionization would not change the magnitude of the difference in 


entropies of activation. However, the physical significance of this differ- 
ence and its relationship to initial virus concentration may be, at best, but 
vaguely understood. 

* This result would indicate that a dissociation of protons is one of the 
stages of the activation process, in keeping with the considerations of 
Steinhardt (see La Mer (3)). However, the experiments here reported 
were not designed to yield critical information on this issue, and no quan- 
titative interpretation is warranted. 
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for at least a great part of the difference in stability between 
purified virus and virus in plant juice. 

Nature of Reaction—Denaturation of a protein may be the 
result of a series of reactions. Studies of the sort reported here 
measure only the velocity of the process as a whole, a velocity 
likely to be that of the slowest reaction of a series. Specifically, 
in the case under consideration, the velocity of the slowest reac- 
tion in the series which leads to changes sufficient to produce 
precipitates of denatured protein is measured. This reaction is 
not identical with the thermal inactivation of the virus. The 


TaBLeE IV 
Infectivily of Protein Remaining Soluble after Healing 


No. of 
lempera- Time Soluble Soluble pro- No. of ‘ a = 
cae heated protein tein used for lesions on 20 halves, con-| of salable 
remaining inoculation half leaves trol at 10-5 protein 
mg. per ml. 
“. min. mg. per ml. | mg. per ml. per cent 
69 10 5.50 10-° 183 398 19 
10-* 557 404 
10-3 1493 184 
69 75 2.28 10-° 129 453 i) 
10~* 511 566 
10-3 1176 329 
73 l 5.75 10-5 233 885 16 
10-* 805 566 
10-3 1573 828 
73 7 1.72 10-° 82 592 } 
10-* 400 595 
10-% 1062 713 


data presented in Table IV, which may be identified with Ex- 
periments 17 and 18 of Table I, were obtained by denaturing the 
virus for short and longer periods of time at two different tem- 
peratures, measuring the concentrations of the soluble protein, 
and comparing the infectivities of these on a concentration basis 
with untreated virus, with the bean as a test plant. Although 
estimates of the infectivity obtained by the method indicated in 
Table IV are not sufficiently accurate to allow calculation of the 
ratios between the rates of inactivation and denaturation, the 
data serve to point out that inactivation is a considerably faster 
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process than denaturation measured by precipitation. In all 
likelihood, inactivation of the virus is one of the earlier reactions 
in a series which finally leads to denaturation. It apparently is 
not the reaction of limiting velocity. The energy of activation 
calculated for the denaturation is of the same order of magnitude 
as that calculated for the thermal inactivation at the higher tem- 
peratures (7), indicating that the inactivation is probably due to 
a reaction similar to that which controls the denaturation rate. 


SUMMARY 


The thermal denaturation of tobacco mosaic virus was found 
to be a readily reproducible phenomenon and was shown to be a 
reaction of the first order. The energy of activation of the reac- 
tion in 0.1 m phosphate buffer at pH 7 was calculated to be about 
153,000 calories per mole. The rate of the reaction at a given 
temperature was found to be strongly influenced by changes in 
hydrogen ion concentration, the reaction progressing more rapidly 
in more alkaline and less rapidly in more acidic solutions. The 
reaction rate was found to vary inversely with the initial concen- 
tration of virus, being approximately twice as great in systems 
with an initial concentration of 3 mg. per ml. as in solutions with 
an initial concentration of 6 mg. per ml. Thermal inactivation 
of virus was found to proceed more rapidly than thermal denatura- 
tion measured by precipitation. 
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PROPERTIES OF THE FILTRATE FACTOR OF THE 
VITAMIN B, COMPLEX, WITH EVIDENCE FOR 
ITS MULTIPLE NATURE* 


By ALI MOHAMMAD, OLIVER H. EMERSON, GLADYS A. EMERSON, 
AND HERBERT M. EVANS 


(From the Institute of Experimental Biology, University of California, 
Berkeley) 


(Received for publication, December 4, 1939) 


The material herein reported deals with an attempt at concen- 
tration of the “filtrate factor’ portion of the vitamin B, complex. 
This fraction has been variously termed filtrate factor (1-3), 
yeast filtrate factor (4-6), liver filtrate factor (7, 8), rat growth 
factor (9, 10), factor 2 (1, 3), ete. 

The original filtrate factor included the chick antidermatitis 
factor but Woolley, Waisman, and Elvehjem (11) have prepared 
concentrates highly active for the chick but inactive for the rat. 

Woolley et al. (12) and Jukes (13) have shown that the “chick 
antidermatitis factor’ is probably identical with pantothenic 
acid, a substance necessary for yeast growth, the chemical nature 
of which has been extensively investigated by Williams and co- 
workers. But Hoffer and Reichstein (2) have also indicated that 
the rat filtrate factor is probably pantothenic acid, as the result 
of experiments in which growth was stimulated by #-alanine (a 
constituent of pantothenic acid) when administered to rats on a 
filtrate factor-deficient diet. Growth was likewise stimulated by 


* Aided by grants from the Research Board and the Department of 
Agriculture of the University of California, from Merck and Company, 
Inc., and from the Rockefeller Foundation. Assistance was rendered by 
the Federal Works Progress Administration, Official Project No. 65-1-08-62, 
Unit A5. The following materials were generously contributed: thiamine 
and vitamin Bes (synthetic) by Merck and Company, Inc., riboflavin by 
Hoffmann-La Roche, Inc., wheat germ by General Mills, Inc., Galen B by 
Vitab Products, Inc., liver extract by Eli Lilly and Company, cane molasses 
by the Waialua Agricultural Company, and yeast by the Vitamin Food 
Company, Inc., of New York. 
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a purified ether extract of a filtrate factor preparation. The 
residue after ether extraction produced a definite, although not as 
marked, an increase in growth. 

El Sadr and coworkers (8) have found that 8-alanine does not 
replace the liver or yeast filtrate factor and believe that the fil- 
trate factor has at least three components. 

Subbarow and Hitchings (9, 10) isolated a rat growth factor 
from a liver concentrate, employing the method used by Williams 
and coworkers (14) in the purification of pantothenic acid. The 
preparation was active when fed at a level of 8 mg. weekly and 
was unstable to acid and alkali. 

Finally Oleson, Woolley, and Elvehjem (15) have recently found 
that crude preparations of pantothenic acid stimulated growth in 
animals fed a filtrate factor-deficient diet, but not to the same 
extent as did a liver filtrate. The pantothenic acid could be 
inactivated with NaOH. In addition to the alkali-labile factor 
(probably pantothenic acid), the rat required an additional factor 
(factor W of Frost and Elvehjem (16, 17)) that was present in a 
liver extract or in crude filtrate preparations. Factor W is not 
soluble in ether (17). 


EXPERIMENTAL 

The growth of female rats was taken as an indication of filtrate 
factor activity and color of the fur was noted, as Morgan, Cook, 
and Davison (18) and Lunde and Kringstad (19) had reported a 
graying of the pelage in rats on a filtrate factor-deficient diet. 

The diet used was as follows: extracted casein (20) 24, salts 
(MeCollum No. 185 (21)) 4, fresh lard 3, cod liver oil (Squibb) 
2, sucrose 67. 

Female rats were placed at weaning (21 days) on the above diet 
supplemented with 15 micrograms of thiamine six times weekly. 
At the end of 4 weeks all animals had attained a constant weight. 
They were then segregated into groups so that each litter was 
represented by one control. Six animals were used in each assay 
(unless otherwise noted). All animals were then given 6 times 
weekly, in addition to the thiamine, 20 micrograms of riboflavin 
and a wheat germ eluate (as a source of vitamin Bs) equivalent 
to 1.5 gm. of defatted wheat germ.! 

The results of the assays are presented in Table I. The gain in 

‘ By assay the equivalent of 1.0 gm. produced the same gain as did 15 
micrograms of crystalline vitamin Bs (Merck). 
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TABLE I 


Potency of Filtrate Factor Preparations from Various Source Materials, 
When Fed to Rats 


Preparations 


Hawaiian cane 


molasses 
10A 
10B 
11A 
12A 
14A 
14B 
14C 


36C 


Rice bran extract 


(Galen B) 
9B 
29At 
29Bt 
29Ct 
32A 


92% ethanol liver 


extract§ 
19A 
20A 
24A 
35A 
37A* 
37B* 
37Ct 


Brewers’ yeast|| 


Brewers’ yeast 
Whole milk pow- 


der** 


Equiv- 
alent 
fed 6 
times 

weekly 

gm. 

0.58 
1.16 
3 
3 
3 
2 
3 
3 
l 
3 
3 
3 
3 
3 
3 
0.65 
1.30 
3 

16 

16 

16 
3 
1 
5 

10 
5 

10 

20 

20 

10 
0.25 
0.50 
1.00 
0.50 
1.00 


Solids 
fed 6 
times 
weekly 
gm. 
0.475 
0.950 
0.121 
0.310 
0.046 
0.630 
0.024 
0.600 


0.007 | 


0.028 
0.025 


1.600 | 


0.013 
0.088 


0.012 


0.450 | 
0.900 


0.008 
0.006 
0.002 
0.003 
0.008 
0.886 


0.150 
0.017 
0.010 
0.040 
0.008 
0.010 
0.015 


Gain in weight 


above controls 
30 days 56 days 
gm. gm 
53 100 
70 108 
4 14 
54 71 
54 72 
21 39 
54 75 
44 67 
12 27 
30 60 
0 
19 58 
47 50 
24 34 
22 42 
59 97 
83 116 
53 v4 
27 31 
0 
48 56 
28 40 
126 145 
59 84 
68 
56 
28 48 
3 0 
2 7 
60 74 
41 81 
52 83 
91 121 
54 105 
16 23 


Graying of rats noted 


1 (slight) out of 5 


None 
4 out of 5 
None 
“ 
5 out of 6 
None 
1 out of 4 
eal ee 
None 
3 out of 3 
le 
None 
5 out of 6 
BB 
None 


ai 


1 out of | 
1 “se ce ] 


None 
ce 


out of 3 
amie 
4) LE§ 
“ a% 
. 
(3 slight) 
out of 4 


owe bo ro 


— 


5 (slight) out of 6 


3 out of 6 


Growth- 
pro- 
moting 
activ- 

ity 


++ 
+4 


++ 
+4 
+ 
+4 
+4 
+ 
44 
+4 
++ 
+ 
+4 
+4 
te 
++ 
+ 
++ 
+ 
+4 


bo 
ae 
+4 
+ 4 


+4 
++ 
ae 


ae 
as 
+ 


— denotes a weight increment in 56 days of less than 15 gm. above the 
controls; + an increment of 15 to 40 gm.; ++ an increment above 40 gm. 
|| Vitamin Food Company, Inc. 


* Three rats in the group. 


t Five rats in the group. 
t Two rats in the group. 


§ Eli Lilly and Company. 


§ Yeast Foam powder, Northwest- 
ern Yeast Company. 
** Golden State Company, Ltd. 
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weight of the controls in each group was subtracted from the gain 
in weight of the animals receiving the test materials. The pres- 
ence or absence of graying in solid colored and hooded animals is 
also noted. 

Cane molasses, an aqueous rice bran extract (Galen B), and a 
92 per cent alcohol-soluble extract of liver (Lilly) were employed 
in the concentration of the filtrate factor. 


Molasses Preparations 


Preparation 10A—To 1200 gm. of molasses, methyl alcohol was 
added until no further precipitation occurred (3 to 4 liters) (the 
insoluble fraction weighed 408 gm.). To the filtrate an equal 
volume of acetone was added (the insoluble fraction weighed 249 
gm.). The filtrate was freed from methanol and acetone. The 
residue was taken up in 4 liters of HO and shaken with 1000 gm. 
of fullers’ earth for 1 hour. The filtrate was distilled to dryness 
and was then dissolved in methanol. Ethanol was added until 
no further precipitation occurred. The insoluble fraction weighed 
48.3 gm. This was dissolved in 400 ec. of H:O. 1 cc. = 3 gm. 
of original molasses; solids in 1 cc. = 121 mg.; inactive. Graying 
noted in four out of five rats. 

Preparation 10B—The filtrate from the above was freed from 
methanol and ethanol. The solids amounted to 124 gm. This 
was diluted with 400 cc. of HO. 1 cc. = 3 gm. of molasses; 
solids in 1 ec. = 310 mg.; active. No graying noted among the 
rats. 

Preparation 11A—<A concentrate prepared as was Preparation 
10B containing 410 gm. of solids was acidified to pH 1 to 2 with 
HC] and was extracted five times with isoamy! alcohol, 250 ce. 
being used for each extraction. The vitamin in the isoamyl 
alcohol fraction was extracted with 1 per cent NaOH, which was 
then neutralized with HCl. The solid residue (18.4 gm.) was 
taken up in ethanol and the separated NaCl filtered. The solid 
residue from the filtrate was taken up in 400 cc. of H,O. 1 ce. = 
3 gm. of molasses; solids in 1 ec. = 46 mg.; active. No graying 
observed among the rats. 

Preparation 12A—The residue after extraction with isoamyl 
alcohol contained 380 gm. of solids which was diluted with 600 ce. 
of H,O. 1 cc. = 2 gm. of molasses; solids in 1 cc. = 630 mg.; 
somewhat active. Graying noted in five out of six rats. 
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Preparation 14A—-A concentrate similar to Preparation 10B 
from 1500 gm. of molasses containing 320 gm. of total solids was 
dissolved in 1 liter of H,O and acidified with HCl to pH 4. 200 
gm. of norit A were added and the mixture was stirred for 1 hour, 
then filtered, and the norit adsorbate was eluted with a methyl 
alcohol-pyridine mixture (4:1). The eluate was freed of solvent 
(solids 12 gm.) and was diluted with 500 ce. of H,O. lce. = 3 
gm. of molasses; solids in 1 cc. = 24 mg.; active. No graying 
observed among the rats. 

Preparation 14B—The filtrate from the above norit adsorption 
containing 300 gm. of solids was concentrated to 500 ce. 1 cc. = 
3 gm. of molasses; solids in 1 cc. = 600 mg.; active. Graying 
noted in one out of four rats. 

Preparation 14C——-A concentrate prepared as was Preparation 
10B from 600 gm. of molasses and containing 173 gm. of solids 
was dissolved in 600 cc. of H,O and saturated with NaCl. After 
being acidified with HCI to pH 2, it was extracted five times with 
butyl alcohol (with 200 ce. for each extraction). 

The combined extracts were distilled to dryness and the solids 
of 4.2 gm. were dissolved in 600 ec. of H,O. 1 cc. = 1 gm. of 
molasses; solids in 1 cc. = 7 mg.; somewhat active. Graying 
noted in two out of five rats. 

Preparation 30F —The methy] alcohol-soluble fraction from 1200 
gm. of molasses (600 gm.) was dissolved in 1600 ec. of H,O and 
adsorbed on 400 gm. of fullers’ earth. The filtrate was acidified 
with HCl to thymol blue. It was then extracted with ether in a 
continuous extractor for 72 hours. 14.6 gm. of solids were 
extracted and dissolved in a small volume of methyl alcohol 
(about 50 cc.). A small amount of H,O was added and the precip- 
itate filtered off. The filtrate was freed of methyl alcohol and 
the volume adjusted to 400 cc. Total solids 11.2 gm.; 1 ec. = 
3 gm. of molasses; solids in 1 ec. = 28 mg.; active. No graying 
of the rats observed. 

Preparation 30G—The residue from the ether extraction was 
reextracted for 88 hours. The solids of 9.8 gm. so extracted were 
taken up in 400 cc. of H,O. 1 ce. = 3 gm. of molasses; solids in 
l cc. = 25 mg.; inactive. Graying noted in three out of three 
rats. 

Preparation 30H—After extraction of Preparations 30F and 
30G the residue was neutralized with NazCO; and taken up in 800 




















22 Filtrate Factor 


ee. of H,O. Solids, 640 gm. 2 cc. = 3 gm. of molasses; solids in 
2cc. = 1.60 gm.; active. Graying noted in three out of three rats. 

Preparation 31B—The methy] alcohol-soluble fraction from 
4000 gm. of molasses (2000 gm.) was dissolved in 10 liters of 
H,O and acidified to pH 2 and shaken with 1400 gm. of norit A. 
The norit A adsorbate was eluted with 90 per cent ethanol. The 
total solid eluted was 140 gm. which was taken up in 1600 cc. of 
H,O. It was acidified to blue with Congo red and extracted with 
ether in the continuous extractor for 100 hours. The solids 
extracted were 20.45 gm., of which 17.54 gm. were H,O-soluble. 
5.25 gm. of the preparation were dissolved in 400 cc. of H,0. 
1 ce. = 3 gm. of molasses; solids in 1 cc. = 13 mg.; active. No 
graying among the rats observed. 

Preparation 31C—The residue from the ether extraction of 
Preparation 31B equivalent to 1500 gm. of molasses was taken 
up in 500 cc. of HxO. 1 ec. = 3 gm. of molasses; solids in 1 cc. = 
88 mg.; somewhat active. Graying noted in five out of six rats. 

Preparation 36B—6 gm. of Preparation 31B and 6 gm. of semi- 
carbazide hydrochloride were dissolved in 60 cc. of HO and 8.4 
gm. of sodium acetate were added. This was allowed to stand for 
24 hours. No sparingly soluble derivative was formed. This 
preparation was not fed. 

Preparation 36C—6 gm. of a concentrate like Preparation 31B 
were dissolved in 16 cc. of dry pyridine and 3 ec. of benzoyl chlo- 
ride were added and the mixture was allowed to stand for 24 hours. 
No sparingly soluble derivative was formed. H:,O was added 
and the benzoyl chloride was hydrolyzed to benzoic acid, which 
was filtered off. The filtrate was freed of pyridine under reduced 
pressure and diluted to 500 cc. 1 cc. = 3 gm. of molasses; 
solids in 1 ec. = 12 mg.; active. Graying noted in one out of 
four rats. 


Rice Bran Preparations 


Preparation 9B—A concentrate from an aqueous rice bran ex- 
tract was prepared as was molasses Preparation 10B and extracted 
with isoamyl alcohol as in the case of Preparation 11A and ad- 
sorbed on norit A and eluted as in the case of Preparation 14A. 
The eluate contained 14.4 gm. of solids. 3.1 gm. of this prepara- 
tion were dissolved in 400 cc. of H,O. 1 cc. = 3 gm. of rice bran 
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extract; solids in 1 cc. = 8 mg.; active. No graying observed 
among the rats. 

Preparation 29A—3.8 gm. of Preparation 9B were dissolved in 
50 cc. of acetic anhydride. 2 cc. of pyridine were added and the 
solution was heated for 1 hour on the steam bath. Excess rea- 
gents were removed by distillation. The acetylated mixture was 
dissolved in ether and extracted with H,O. The H,0O solution 
was acidified and reextracted. The H,O extract containing 0.9 
gm. of solids was dissolved in 150 ce. of H,O. 1 ce. = 16 gm. of 
original rice bran extract; solids in 1 cc. = 6 mg.; somewhat 
active. Graying noted in the one colored rat on the sample. 

Preparation 29B—The ether phase after removal of the solvent 
was 2.52 gm. This was distilled in a molecular still at 10-° mm. 
of Hg pressure at 100° for 11 hours. 0.843 mg. was distilled, 
which was neutralized with dilute NaOH. 673 mg. of benzyl- 
thiuronium chloride were dissolved in 4.5 ec. of ethanol and added 
to the hot alcoholic solution of the concentrate. As no solids 
separated, the ethanol was distilled off and the residue taken up 
in a small amount of acetone. Insoluble material was filtered off 
and the clear filtrate was allowed to stand for 24 hours at 4°. 
465 mg. of material crystallized (m.p. 130-133°). The crystals 
were dissolved in a few cc. of methyl alcohol, and about 20 ec. of 
H,O were added. The solution was acidified to blue with Congo 
red and extracted with ether. The residue (172 mg.) from the 
ether extract was taken up in ethanol and hydrolyzed with gaseous 
NH;. The product on hydrolysis was crystalline. Total solids, 
150 mg. This substance was dissolved in 75 cc. of HxO. lec. = 
16 gm. of rice bran extract; solidsin 1 cc. = 2 mg.; inactive. 
Graying noted in the one colored rat on the sample. 

Preparation 29C—The residue from the filtrate after filtration 
of the acetone-insoluble material in Preparation 29B was 500 mg. 
This product on hydrolysis weighed 479 mg. and was taken up in 
150 cc. of H:O. 1 cc. = 16 gm. of molasses; solids in 1 ce. = 
3 mg.; active. No colored rats were fed the sample. 

Preparation 32A—3.8 gm. of Preparation 9B were dissolved in 
25 ec. of 1 N NaOH and heated on the steam bath for 1 hour. 
After neutralization, the volume of the solution was adjusted to 
400 cc. 1 cc. = 3 gm. of rice bran; solids in 1 cc. = 8 mg.; 
somewhat active. No graying among the rats. 
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Liver Preparations 


Lilly’s 92 per cent alcohol-soluble extract was used. 

Preparation 19A—552 gm. of the Lilly preparation equivalent 
to 2500 gm. of fresh liver were dissolved in H,O and adsorbed on 
fullers’ earth. The filtrate was acidified and extracted with ether 
in a continuous extractor for 37 hours. 119 gm. of solids were 
extracted. The residue from this ether extract was extracted 
with benzene and chloroform. 23 gm. were extracted with ben- 
zene and 9 gm. with chloroform. The residue was again extracted 
with ether in a separatory funnel. 8.5 gm. of solids were extracted 
by this process. From the second ether extract, needle-like 
crystals were obtained which melted at 120°. The residue, which 
after extraction weighed 75 gm., was taken up in 500 cc. of H,0. 
1 ec. = 5 gm. of fresh liver; solids in 1 cc. = 150 mg.; active. No 
graying observed among the rats. 

Preparation 20A—The residue after the extraction of Prepara- 
tion 19A was again extracted for 24 hours. 4.3 gm. of solids were 
extracted, which were taken up in 250 cc. of H,O. 1 cc. = 10 
gm. of liver; solids in 1 cc. = 17 mg.; active. No graying of 
rats noted. 

Preparation 24A—A concentrate from 552 gm. of Lilly’s liver 
after extraction with ether in a continuous extractor for 92 hours 
containing 80 gm. of solids was acidified and adsorbed on 250 gm. 
of norit A. The adsorbate was eluted with 90 per cent ethyl 
aleohol. . The solids weighing 5.2 gm. were taken up in 500 ce. 
of H,O. 1 cc. = 5 gm. of liver; solids in 1 cc. = 10 mg.; active. 
No graying among the rats was observed. 

Preparation 35A—-A concentrate prepared by precipitation of 
inert material with methyl alcohol and subsequent adsorption on 
fullers’ earth and containing 176.5 gm. of solids was acetylated. 
The acetylated mixture which contained 20 gm. of solids was taken 
up in 500 ec. of H,O. 1 cc. = 10 gm. of the original liver; solids 
in 1 ec. = 40 mg.; active. No graying among the rats observed. 

Preparation 37 A—A concentrate (from Lilly’s liver, equivalent 
to 4000 gm. of fresh liver) containing 12 gm. of solids was prepared 
by adsorption on norit A and subsequent extraction for 100 hours 
with ether from acid solution in a continuous extractor. This 
ether extract was dissolved in about 50 cc. of water and neutralized 
with NaOH. An equivalent amount (4.4 gm.) of copper sulfate 
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was dissolved in about 15 cc. of water and added. The copper 
salts were filtered and dried in a desiccator. The dried salts were 
extracted with anhydrous methanol and this extract freed of 
solvent. The residue was dissolved in H,O and freed from Cu 
by its precipitation with HS. The filtrate was distilled to dryness 
at reduced pressure. Total solids, 1.65 gm., which were dissolved 
in 210 cc. of HO. 1 ce. = 20 gm. of liver; solids in 1 ec. = 
§ mg.; inactive. Graying noted in two out of three rats. 

Preparation 37B—The methyl alcohol-insoluble salts in the 
above procedure were dissolved in H,O. The filtrate was freed 
from Cu and solvent and the total solids of 2.1 gm. dissolved in 210 
ec. of H,O. 1 cc. = 20 gm. of liver; solids in 1 cc. = 10 mg.; 
inactive. Graying noted in two out of two rats. 

Preparation 37C—The filtrate after precipitation of the Cu 
salts was dried and dissolved in about 50 cc. of methanol, and 
acetone was added until no further precipitation occurred. The 
wax-like material that separated was filtered off and the filtrate 
freed of solvent. This was dissolved in about 250 cc. of H,O 
and freed of Cu with H.S. The filtrate was freed of solvent, leav- 
ing total solids of 6.0 gm., which were dissolved in 400 cc. of H,O. 
lec. = 10 gm. of liver; solids in 1 cc. = 15 mg.; active. Graying 
noted in one out of five rats. 


DISCUSSION 


The attempts to concentrate the rat filtrate factor (or factors) 
have resulted in a separation of two fractions, one extractable 
from acid aqueous solution with diethyl ether and the other non- 
extractable. Woolley et al. (22) have used this method in the con- 
centration of the ‘‘chick antidermatitis factor.”’ This separation 
is in agreement with the findings of Hoffer and Reichstein (2), 
El Sadr and coworkers (8), and Subbarow and Hitchings (9, 10). 
Hoffer and Reichstein and Subbarow and Hitchings have evidence 
indicating that pantothenic acid (chick antidermatitis factor) is 
the active component of their ether extracts. We have prepared 
an isoamy] alcohol extract (a method used by Elvehjem and Koehn 
(23, 24) and Lepkovsky and Jukes (25) in preparations of chick 
antidermatitis factor, and by El Sadr and coworkers and Subbarow 
and Hitchings in preparation of the rat filtrate factor). This 
preparation after being heated with 1 Nn NaOH for 1 hour at 100° 
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retained more than one-half of the original activity. This treat- 
ment was shown by Woolley et al. (11, 12) to destroy the chick 
antidermatitis factor. 

Our preparations were adsorbable on norit, as reported by Edgar 
and Macrae (4). Our preparations distilled in a high vacuum, 
although Edgar and Macrae reported that the activity remained 
in the residue. Our distillation, however, was carried out at 100° 
and 10-5 mm. of Hg pressure, a lower temperature and pressure 
than were employed by the English workers. Our preparations 
were likewise soluble in ethanol, methanol, and acetone. 

The activity was not destroyed by acetylation. No precipitate 
formed with either semicarbazide hydrochloride or benzoyl chlo- 
ride and, although a crystalline material separated on standing 
with benzylthiuronium chloride, the activity remained in the 
filtrate. The filtrate from this preparation (No. 29C) was the 
most active fraction tested (3 mg. of total solids six times weekly 
resulted in a gain in weight of 56 gm. above the controls). The 
filtrate factor (or factors) were not precipitated as their Cu salts 
when treated with CuSQO,. 

In agreement with Morgan, Cook, and Davison (18) and 
Lunde and Kringstad (19) we have noted frequently but not in- 
variably a graying of the pelage in rats on diets deficient in filtrate 
factor. In a total of 78 solidly colored or hooded rats serving 
as controls, 59 showed graying to some extent. No definite areas 
were regularly affected. In some cases graying was noted in a 
circular area round the base of the tail and on the forehead; often 
in the latter area, the graying surrounded a diamond-shaped 
area of natural color. In other cases the central area of the back 
was grayed, with a natural colored area surrounding the base of 
the tail. With some animals the sides were grayed and the central 
area was of natural color. In a few instances the entire pigmented 
areas were grayed. 

Preparations active in growth stimulation in some cases did not 
contain the “antigraying factor.’”” As mentioned in a preliminary 
publication (26), the antigraying as well as the growth factor 
appears to be extractable with ether, although the growth factor 
not possessing the antigraying properties remains in the residue. 

Lunde and Kringstad (27) and Oleson, Elvehjem, and Hart (28) 
were unable to correlate graying with growth. 
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Brewers’ yeast (Table I), an excellent source of the growth factor, 
appeared to be a poor source of the antigraying factor. This 
observation, no doubt, can explain the not infrequent “‘stippled”’ 
fur observed in animals on purified diets containing yeast as a 
source of the vitamin B complex. 

Cane molasses, the aqueous rice bran extract (Galen B), and 
liver (Lilly, 92 per cent alcohol extract) are good sources of both 
factors. 

Dried whole milk powder was a poor source of both factors. 


SUMMARY 


Procedures are described for the concentration of the rat filtrate 
factor complex. The complex is extractable with isoamyl] alcohol 
and is soluble in methanol, ethanol, and acetone. The complex is 
adsorbable on norit from acid solution. It is not destroyed by 
heating with 1 n NaOH for 1 hour. It is not inactivated by 
acetylation. The complex was not precipitated by semicarbazide 
hydrochloride or benzoyl chloride nor was a benzylthiuronium 
salt or a Cu salt formed. Two factors at least appear to be a part 
of the filtrate complex; one is essential for normal growth, the 
other preserves normal color in the pelage. While both factors 
are extractable with diethyl ether from acid solutions, the residue, 
while promoting growth, does not contain the antigraying factor. 

Cane molasses, an aqueous rice bran extract, and an alcohol- 
soluble liver preparation appear to be good sources of both factors 
but brewers’ yeast, while a rich source of the growth factor, is 
low in the antigraying factor; whole milk powder is low in its 
content of both factors. 
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ELECTROKINETIC ASPECTS OF SURFACE CHEMISTRY 


VIII. THE COMPOSITION OF THE SURFACE FILM ON THE FAT 
DROPLETS IN CREAM 
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(Received for publication, November 22, 1939) 


The protein composing the stabilizing film on the fat droplets 
in cream has been identified by various investigators as albumin 
(1), a glycoprotein (2), a globulin-like protein (3), a new milk 
protein (4), and casein (5). Some of these results undoubtedly 
were complicated by an incomplete removal of other proteins 
in the milk plasma from those naturally occurring on the surface 
of the fat globules in milk. 

To insure a more complete isolation of the materials composing 
the surface of these globules, Palmer and his associates (6-10) 
have used the procedure introduced by Storch (2) of washing 
cream by repeated centrifugation and resuspension in distilled 
water. They find (9) that the composition of the fat globule 
surface is not constant in various samples of cream but becomes 
constant for any sample after four such washings and remains 
so, at least until the eleventh washing. They conclude that, 
although milk may contain other stabilizers aside from those at 
the surface of the fat droplets, the fat globule “membrane’’ is 
composed of a tightly adsorbed mixture of phospholipids and a 
protein differing in constitution (7, 8), behavior (6, 7, 9, 10), 
and serological reactions (11) from other known proteins in milk. 
This “‘membrane”’ protein was not found in skim milk but could 
be isolated from buttermilk. The pH of maximum precipitation 
of both the ‘‘membrane”’ protein and the washed fat droplets 
was found to lie between pH 3.9 and 4.0 (7). This value is more 
acid than the isoelectric point of any other protein constituent 
of milk so far investigated. Palmer and his coworkers (3, 7, 9) 
have further emphasized the importance of the rédle played by 
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the phospholipid fraction in the membrane complex. Their 
value for the pH of maximal precipitation is not to be regarded 
as invariant, in view of the natural variation in the constitution 
of this complex. 

It would be desirable to employ here the technique of electro- 
phoresis in a direct investigation of the electrokinetic behavior 
of the membrane complex and to compare the results with the 
available data for the behavior of other known milk plasma con- 
stituents. In other fields, at least, this method has met with 
success in the interpretation of surface phenomena (12-14). Un- 
fortunately, in the available literature on the electrokinetic prop- 
erties of the fat droplets, such comparisons appear to be lacking. 

Mommsen (15) has found that milk, when suspended in mix- 
tures of 0.2 m NaOH and 0.2 acetic acid, exhibited an isoelectric 
point at pH 4.1 in a simple microelectrophoresis instrument con- 
structed from a microscope slide. He found that the behavior 
of his suspensions changed with time after the electric field was 
turned on, so that polarization or some other disturbing factor 
may have been present. Prieger (16), using a similar cell, found 
that the fat droplets from milk suspended in these buffers were 
isoelectric at pH 4.2, while butter fat, simply emulsified in dis- 
tilled water without an added stabilizer, was isoelectric at pH 
2.8. On the other hand, a 1 per cent emulsion of butter gave a 
value of pH 3.95. Mohr and Brockmann (17), using undiluted 
raw milk, found an isoelectric point at pH 4.3. The ionic strength 
was a little higher than that of milk itself, owing to addition of 
concentrated lactic acid to obtain this pH value. The lack of 
non-polarizable electrodes in some of these earlier investigations, 
together with irregularities met with in the use of exceedingly 
shallow cells (12) (some were only 0.1 mm. deep), has led later 
workers to more modern techniques. 

North and Sommer (18) have investigated the streaming po- 
tentials produced by adsorbed films prepared by exposure of a 
butter fat surface, composing the wall of a pore, to dilute skim 
milk. After treatment of the fat with this milk, the excess was 
washed away and electrolytes forced through the pore. The 
assumption is made that (1) this treatment is adequate to produce 
complete coating and (2) these films are so tightly held that they 
are not altered by further washing. That such assumptions are 
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not always valid for other proteins, at least at high dilutions, 
has been indicated in other papers (19, 20). They present meas- 
urements at various pH values, pH 4.3 being obtained as the iso- 
electric point. This is an interpolation between values at pH 
4.12 and 4.68. Measurements are presented on the effects of 
salts on the streaming potential. The influence of the ionic 
strength on the isoelectric point (12, 13, 20) does not seem to have 
been considered. Measurements of streaming potentials involve 
the determination of the specific electrical conductance of the 
electrolyte in the pore, thus correcting for possible effects of 
surface conductance (12, 21). These conductance measurements 
are, however, about 10 times smaller than corresponding values 
for KCl in the literature (summarized by Gorin (22)). This is 
surprising, for, if surface conductance were coming into play, 
the values would have been expected to be higher, rather than 
lower. In any case, Rimpila and Palmer have pointed out that 
skim milk does not contain appreciable quantities of the ‘‘mem- 
brane’’ protein, so that this skim milk-butter fat interface can 
hardly be comparable to the normal fat droplet surface (9). 

Seifriz (23) has determined the pH-mobility curve of milk fat 
droplets suspended in buffer solutions and measured in a micro- 
electrophoresis instrument. Only relative mobilities are given. 
The fat droplets were isoelectric at pH 4.55 but the ionic strength 
was not stated. Nugent (24) has found a value of pH 4.1 for 
this point in 0.1 m buffers. An isoelectric point at pH 4.3 has 
been found by Jack and Dahle (25) for fat globules diluted 1:200 
with buffer. They present an electric mobility-pH curve but 
it is not clear whether this was measured in solutions at a total 
molarity or an ionic strength of 0.25. They conclude that the 
electrophoretic behavior of the normal milk fat droplets and of 
butter fat emulsified with casein agrees closely. 

In most cases, the results obtained were compared with the 
isoelectric point for casein, pH 4.6, found by Michaelis and Pech- 
stein (26), without regard to (1) the shift produced in the iso- 
electric point of casein by different ionic species found by Michaelis 
and Szent-Gyérgyi (27), (2) the effect of the ionic strength on 
the position of the isoelectric point, and (3) possible differences 
in the isoelectric points of different preparations of this poly- 
disperse protein. 
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In this communication, a direct comparison will be made under 
comparable conditions of the mobility of washed and unwashed 
fat droplets with the other proteins in milk for which modern 


data are available. 
Methods 


Fresh unpasteurized cream was centrifuged and the underly- 
ing liquid removed. Distilled water was then added to the orig- 
inal volume and, after stirring, the process was repeated for six 
washings. Several drops of this ‘“‘washed cream’ were then 
added to 50 cc. of buffer solution for the electrophoresis measure- 
ments. ‘‘Unwashed’”’ suspensions were prepared by adding a 
similar amount of unwashed cream to the same volume of buffer. 
All buffers were at a constant ionic strength of 0.02. The casein 
had been prepared by the method of Van Slyke and Baker (28) 
and was the same sample as that used by Moyer and Moyer 
(29). In the preparation of casein sols the methods were the 
same as described before (29). 

Electrophoresis and pH measurements were made according to 
our usual procedures (30). A flat, horizontal Abramson micro- 
electrophoresis cell which had been repeatedly checked against 
other instruments was used. Special care was taken only to 
measure droplets exactly in focus at the stationary levels. Use of 
a 40X water immersion objective with a 1.9 mm. working distance 
and a 28X ocular (30) made it possible to restrict the focus to a 
very thin plane, so that all particles in sharp focus would be in 
the same electroosmotic level. 

EXPERIMENTAL 

The data of Moyer and Moyer (29) for the electric mobility of 
casein are shown in Fig. 1. Inasmuch as casein is highly soluble 
at pH values above 5.8 at the concentrations we employed, the 
data above this value were obtained by observing the mobility of 
quartz or collodion particles coated with films of adsorbed casein. 
Below this pH value, it is unnecessary to use microscopic particles, 
for casein itself becomes decreasingly soluble as its isoelectric 
point is approached, forming microscopic suspensions.' It will 


! Possible occlusion of air at the surface makes it unsafe to make meas- 
urements on particles of ground-up, rather than precipitated, casein. 
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be seen in Fig. 1 that these two sets of data apparently merge into 
each other, indicating that there is no significant difference in the 
behavior of the adsorbed films and the precipitated casein par- 
ticles. 

In Fig. 1 are also shown the electric mobilities of unwashed milk 
fat globules at various pH values. The results above pH 6.5 were 
secured by suspending the droplets in phosphate buffer mixtures, 
whereas below this value the globules were measured in sodium 
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Fic. 1. The electric mobility-pH curves of fat droplets from washed 
(@) and unwashed (O) cream compared with the behavior of other milk 
proteins at the same ionic strength, 0.024. 7 = 25°. A casein particles; 
A casein adsorbed on quartz or collodion; dash curve, data of Pedersen 
for the lactoglobulin of Palmer. 


acetate-acetic acid solutions at the same constant ionic strength. 
The isoelectric point of these globules lay near pH 4.5. 

In Fig. 1 is also shown the behavior of fat droplets washed six 
times with distilled water before suspension in the buffer. It was 
found that less washing tended to give erratic results, with values 
lying intermediate between these data and the results for un- 
washed globules. These droplets had an isoelectric point at pH 
3.7. It was noticed at this pH value that complete immobility 
was not secured; some of the droplets migrated slowly to one, and 
others to the opposite pole. On Fig. 1 is shown the curve for the 
electric mobility of the lactoglobulin of Palmer (31), plotted from 
the results of Pedersen (32) obtained with the moving boundary 
method. 
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Fig. 2 shows the effect of ionic strength on the isoelectric point 
of casein measured in sodium acetate-acetic acid solutions. These 
values were obtained by finding, in each case, the pH at which 
the casein particles did not move. The present, more accurate 
value for the isoelectric point of casein at 0.02 u has necessitated a 
slight revision of the curve drawn through the measurements of 
Moyer and Moyer (29) in the neighborhood of the isoelectric 
point, but this shift only involves a change of about 0.06 pH unit. 
It will be noticed in Fig. 2 that the isoelectric point is decreased 
by ionic strengths above 0.02. 
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Fig. 2. The influence of the ionic strength, u, of sodium acetate-acetie 
acid buffers on the pH of the isoelectric point of casein particles. 


DISCUSSION 

It is clear from Fig. 1 that the washed fat droplets are com- 
pletely different in their electrokinetic behavior from the un- 
washed droplets. The isoelectric point of the washed droplets is 
in good agreement with the results of Palmer for the pH of maxi- 
mum precipitation of his ‘membrane’ protein and washed fat 
droplets. It also agrees with the results of Prieger for the iso- 
electric point of butter (pH 3.95). Our value for the iso- 
electric point is not looked upon as an entirely constant quantity 
in this instance, for it should be affected by changes in the ratio 
of phospholipids to proteins composing the surface film. This 
ratio, as Rimpila and Palmer have pointed out (9), is not com- 
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pletely constant from sample to sample. Additional measure- 
ments of the isoelectric point of fat droplets from another sample 
of washed cream yielded a value of pH 3.8. These results appear 
to substantiate the conclusions of Palmer and his associates that 
the washed fat droplet of milk is covered by a film different from 
the other constituents in the milk plasma and capable of prevent- 
ing coalescence of the fat droplets even after numerous washings. 
It is evident that these films are quite different from casein or the 
lactoglobulin of A. H. Palmer. That they are different from the 
other proteins which have been suggested as forming their surface 
has already been demonstrated by Wiese and Palmer (7, 8) and 
by Palmer and Lewis (11). 

On first glance, it may be thought that our data for unwashed 
cream (Fig. 1) indicate that these droplets possess an outer coat- 
ing of casein, for, below pH 4.8, the curves for these droplets and 
for casein follow the same course, within the limits of error. 
Closer inspection reveals, however, that above pH 6.5 the sur- 
faces of unwashed and washed droplets suspended in buffers at 
this dilution are not significantly different in their behavior. It 
is clear that the washed cream does not contain casein on the sur- 
iaces of its globules, so that this agreement with the unwashed 
cream at these higher pH values suggests that these droplets too 
are not coated by an outer layer of casein. This evidence is 
strengthened by the fact that these data in this portion of the 
curve do not agree with the results for casein. It is only below 
the pH value of fresh milk, approximately pH 6.6, that the results 
for washed and unwashed fat globules begin to diverge. Below 
pH 6.0, solutions of casein begin to assume an increasing opales- 
cence with increase of acidity. Hence it seems altogether prob- 
able that casein, brought into the unwashed suspensions along 
with the fat droplets, is becoming increasingly insoluble and accu- 
mulating on the surfaces of the fat droplets which are normally 
unaffected by dissolved casein. As the solubility decreases, 
below pH 5.0, the outer coating would become more completely 
casein. It is possible that the fat droplets act as nuclei for the 
precipitation of casein or it may be that casein is only able to 
interact with the film on the droplets over a limited pH range. 
The isoelectric point for these unwashed droplets, while agreeing 
with the results of Seifriz (23), is only in fair agreement with other 
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data in the literature. If these measurements had been made at 
a different ionic strength or with a different buffer, the peptizing 
conditions might well have been different, producing isoelectric 
points intermediate between these and the results for thoroughly 
washed droplets. The measurements do not tell us about the 
nature of the outer surface of the fat droplets in undiluted, un- 
washed cream but they do indicate that, whatever the outer coat- 
ing may be, the membrane complex of Palmer apparently be- 
comes exposed upon simple dilution, provided that the pH is held 
between pH 6.0 and 7.5. If the pH is to be lowered below this 
range, washing is necessary to prevent complications at the sur- 
face introduced by the adsorption of casein and the nature of the 
membrane complex may be hidden.’* 

Fig. 2 shows that it is unsafe to compare isoelectric points of milk 
fat droplets or other particles measured at one ionic strength with 
the isoelectric point of casein at another ionic strength. The re- 
sults of Michaelis and Pechstein (26) for the isoelectric point of 
casein in the absence of added salts, pH 4.6, are not in complete 
agreement with these measurements with Van Slyke and Baker 
casein, but it will be noticed that the agreement between the 
isoelectric point of the unwashed fat droplets and that for the 
present sample of casein is excellent, suggesting that this protein 
has not been changed very much in its electrokinetic properties 
by purification. 


SUMMARY 


An investigation of the surface properties of the fat droplets 
of cream by means of the microscopic method of electrophoresis 
has led to the following conclusions. 

1. Milk fat droplets washed with distilled water and suspended 
in buffer solutions exhibit electric mobilities which are markedly 
different from those of casein under the same conditions, with the 
isoelectric point considerably lower. 


* Jack and Dahle (25) report that the mobility of fat droplets washed 
with distilled water does not become constant but increases as washing 
proceeds. Their measurements appear to have been made in distilled 
water, so that a large part of this increased mobility could be due to an 
increase in double layer thickness with decrease in ionic strength (12). 
The use of distilled water in electrophoretic measurements of this char- 
acter has already been criticized (30). 
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2. Although unwashed fat globules were not significantly dif- 
ferent in their behavior from washed fat droplets at values above 
pH 5.8, below this figure the electric mobility curves were mark- 
edly different, with the unwashed droplets progressively assum- 
ing an electrokinetic behavior more nearly identical to that of 
casein as the pH was decreased. The isoelectric point of the un- 
washed droplets was not significantly different from that of casein. 

3. It is suggested that the behavior of the unwashed droplets 
is complicated by the presence of casein and that at pH values 
at which casein is very slightly soluble the fat droplet surface 
becomes contaminated with casein. 

4. The isoelectric point of casein is dependent to a certain 
extent upon the ionic strength in acetate buffers, becoming lower 
in pH value at higher ionic strengths. 

5. These data appear to be most closely in accord with the evi- 
dence of L. S. Palmer for the existence of a complex of phospho- 
lipids and a ‘“‘membrane”’ protein, different from other known milk 
proteins, composing the fat droplet surface. 


It is a pleasure to thank Dr. M. H. Gorin and Dr. L. 8S. Palmer 
for their critical reading of the manuscript. 


BIBLIOGRAPHY 


1. Béchamp, A., Bull. Soc. chim., 16, 426 (1896). 

2. Storch, V., Analyst, 22, 197 (1897). 

3. Palmer, L. 8., and Samuelsson, E., Proc. Soc. Exp. Biol. and Med., 
21, 537 (1924). 

. Hattori, K., J. Pharm. Soc. Japan, 49, 332, 1147 (1929). 

. Titus, R. W., Sommer, H. H., and Hart, E. B., J. Biol. Chem., 76, 237 
(1928). 

. Wiese, H. F., and Palmer, L. 8., J. Dairy Sc., 16, 371 (1932). 

. Palmer, L. S., and Wiese, H. F., J. Dairy Sc., 16, 41 (1933). 

. Wiese, H. F., and Palmer, L. 8., J. Dairy Sc., 17, 29 (1934). 

9. Rimpila, C. E., and Palmer, L. 8., J. Dairy Sc., 18, 827 (1935). 

10. Palmer, L. S., and Tarassuk, N. P., J. Dairy Sc., 19, 323 (1936). 

il. Palmer, L. S., and Lewis, J. H., Arch. Path., 16, 303 (1933). 

12. Abramson, H. A., Electrokinetic phenomena, New York (1934). 

13. Abramson, H. A., Gorin, M. H., and Moyer, L. 8S., Chem. Rev., 24, 

345 (1939). 

14. Moyer, L. 8., Tr. Faraday Soc., in press (1940). 

15. Mommsen, H., Monatschr. Kinderheilk., 42, 316 (1929). 

16. Prieger, I., Biochem. Z., 217, 330 (1930). 

17. Mohr, W., and Brockmann, C., Milchwirtschaft. Forsch., 11, 211 (1930). 


uo 


o=-m> 





oo ee 


Sy A Ct 





38 


18. 
19. 
20. 


21. 
22. 
3. Seifriz, W., Protoplasm, New York (1936). 
24. 


25. 


26. 
27. 
28. 
29. 
30. 
31. 
. Pedersen, K. O., Biochem. J., 30, 961 (1936). 



















Surface Film on Fat Droplets in Cream 


North, G. C., and Sommer, H. H., J. Dairy Sc., 18, 21 (1935) 

Moyer, L. S., Tr. Electrochem. Soc., 73, 481 (1938). 

Moyer, L. S., in Cold Spring Harbor symposia on quantitative biology, 
Cold Spring Harbor, 6, 228 (1938). 

Bull, H. B., and Moyer, L. 8., J. Physic. Chem., 40, 9 (1936). 

Gorin, M. H., J. Chem. Physic., 7, 405 (1939). 


Nugent, R. L., J. Physic. Chem., 36, 449 (1932). 

Jack, E. L., and Dahle, C. D., J. Dairy Sc., 20, 551, 605, 637 (1937). 
Michaelis, L., and Pechstein, H., Biochem. Z., 47, 260 (1912). 
Michaelis, L., and Szent-Gyérgyi, A., Biochem. Z., 108, 178 (1920). 
Van Slyke, L. L., and Baker, J. C., J. Biol. Chem., 36, 127 (1918). | 
Moyer, L. 8., and Moyer, E. Z., J. Biol. Chem., 182, 357 (1940). 

Moyer, L. S., J. Bact., 31, 531 (1936). 

Palmer, A. H., J. Biol. Chem., 104, 359 (1934). 











gy, 











VISCOSITY OF SOLUTIONS OF DENATURED AND 
OF NATIVE EGG ALBUMIN 
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There have been several equations derived which express the 
relation between the viscosity of a suspension and the degree of 
asymmetry of the particles. Among these equations may be 
mentioned that of Kuhn (7) which has been employed by Lauffer 
(8), Neurath and Frampton (10), Neurath and Saum (11), and 
Neurath (9) to estimate the ratio of the length to the diameter of 
the protein molecule. These studies have been most interesting 
and it is largely due to their stimulation that the present re- 
search was done. 

Recently, Polson (13) has formulated an empirical equation re- 
lating the asymmetry of protein molecules to the viscosity of their 
solutions. At the present stage of our knowledge of the compli- 
cated relation between asymmetry and viscosity, an empirical 
equation such as Polson’s seems preferable to one derived on a 
theoretical basis involving more arbitrary assumptions. 

A search of the literature reveals that the viscosity of solutions 
of native, of heat-denatured, and of urea-denatured egg albumin 
has been determined by various investigators. The data reported 
are, however, not suitable for the present calculations, since they 
were in general determined at higher protein concentrations at 
which the viscosity to protein concentration relation departs from 
a linear course. This point is particularly important in the case 
of the denatured protein. Some of the measurements have also 
been made without regard to the electroviscous effect and there 
has been a curious absence of description of the apparatus and 
experimental conditions under which the viscosity measurements 
were obtained. The careful and exact technique of Jones and 
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coworkers on the viscosity of electrolyte solutions demonstrates 
that the determination of viscosity by the use of the Ostwald 
viscosimeter presents many difficulties which must be resolved 
and it seems evident that the experimental conditions for viscosity 
measurements of protein solutions should be rigorously defined 
and described. 


EXPERIMENTAL 


Egg albumin was prepared from fresh hen’s eggs by the method 
of Kekwick and Cannan (6). The albumin was recrystallized 
four times and dialyzed against running distilled water until 
sulfate-free. The various preparations were between 97.5 and 
99.0 per cent heat-denaturable. All preparations were water- 
clear. 

The viscosimeter was of the Ostwald type and made of Pyrex 
glass. The drainage bulb was cylindrical in shape over nearly 
its whole length. The reservoir “bulb’”’ was a cylinder of uniform 
diameter over its entire length with a 45° cone connecting it to 
the transverse tube which led to the capillary. 

The viscosimeter had the following dimensions and charac- 
teristics: diameter of reservoir tube (inside) 1.65 cm., diameter of 
drainage bulb (inside) 1.00 cm., diameter of capillary (estimated 
from rate of flow) 0.0592 cm., length of capillary 20.1 cm., volume 
of drainage bulb 3.91 cc., usual working volume 10.0 cc., time of 
outflow of water at 35° (with 10 cc.) 98.75 seconds, average pres- 
sure head (with 10 ec.) 1.92 & 10* dynes per sq.cm. 

The viscosimeter was clamped in a rigid metal frame and never 
removed from it. Dichromate cleaning solution was allowed to 
stand in it when it was not in use. Before a measurement it 
was washed repeatedly with water and dried by sucking air 
through it. After a series of readings were made on a solution, 
it was washed out with hot NasPO, solution and then with water 
and dried. This treatment was found to restore the water con- 
stant. The water constant was determined each day and was 
found in the course of 9 months to have dropped gradually from 
99.07 seconds at the beginning to 98.75 seconds at the end. 
The solutions were placed in the viscosimeter with a standardized 
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The experiments were carried out at 35° + 0.01° in a well 
stirred water bath. It was found to be most important to have 
adequate stirring. The time of outflow was determined with a 
10 second dial stop-watch and the time could be estimated to 
0.01 second. The accuracy of timing was greatly improved by 
the following technique. Two 0.5 cm. lengths of rubber tubing 
were placed around the glass tube above the drainage bulb, as 
well as around the capillary below the drainage bulb, in such a 
fashion as to expose the calibration marks as narrow slits. A 
strong beam of light was allowed to strike the viscosimeter at 
right angles to the observer. Under these conditions the glass 
tubes at the calibration marks when filled with liquid reflected 
no light, but when empty appeared brilliantly illuminated. It was 
frequently possible under these circumstances to achieve a series 
of outflow timings which did not differ more than 0.01 second 
from one another. 

It was found important never to allow the protein solution to 
dry in the capillary between measurements, but to draw the solu- 
tion back into the drainage bulb immediately after an observa- 
tion had been made; otherwise air bubbles and bits of coagulated 
protein would cling to the capillary. If the solution was drawn 
back into the drainage bulb immediately after a measurement, the 
small amount of surface-coagulated protein which always formed 
would be carried into the tube above the drainage bulb and would 
deposit there as the meniscus dropped on a subsequent measure- 
ment. In spite of these precautions, however, air bubbles and 
threads of denatured protein occasionally formed in the capillary 
and these were removed with a drawn-out glass rod manipulated 
through the upper tube of the drainage bulb. The tendency to 
form air bubbles was greatly decreased by boiling the distilled 
water which was used to make up the diluted protein solutions. 

It was established that the viscosity of protein solutions as 
measured by this viscosimeter was independent of rate of flow, 
by using working volumes of 5, 10, 15, 20, and 25 cc. Since the 
reservoir tube was a cylinder of uniform diameter, increasing the 
working volume by 5 cc. amounted to decreasing the average 
pressure head by 2.34 em. of water. The constancy of the vis- 
cosity of a 0.2 per cent solution of heat-denatured protein at pH 








42 Viscosity of Egg Albumin Solutions 


9.44 with varying working volume is shown by the following 
figures. 


Working volume t/t 
5.0 1.0237 
10.0 1.0248 
15.0 1.0236 
20.0 1.0236 
25.0 1.0234 


Since the viscosity is independent of rate of flow, it was con- 
sidered unnecessary to apply a kinetic correction, as a kinetic 
correction should vary with rate of flow. The figures above also 
indicate the absence of structural viscosity. This experiment was 
repeated at pH 4.19 and at pH 2.50 and both showed constant 
viscosity with varying rate of flow. 

The specific viscosity (specific viscosity is equal to the relative 
viscosity minus 1) was studied as a function of protein concen- 
tration. To our amazement the specific viscosity to protein 
concentration curve showed a hiatus. It was found that when 
actual times of outflow were plotted against protein concentra- 
tion the curve when extrapolated to zero concentration inter- 
sected the time axis at a point greater than the water constant 
of the viscosimeter, in spite of corrections having been made for 
the viscosity of electrolytes present (see Fig. 1). The difference 
between the time of outflow of the electrolyte solution and that 
found by extrapolation of the concentration-time curve, varied 
with pH, being, in general, lower in the basic region than in the 
acid and disappearing in the extreme acid and basic regions. At 
pH 2.60 the difference in times of outflow was 0.50 second and at 
the isoelectric point it was 0.22 second. Away from the isoelec- 
tric point the hiatus in the specific viscosity-concentration curve 
did not come until concentrations higher than 0.3 per cent of 
protein had been reached and, in many cases, especially on the 
acid side of the isoelectric point, the hiatus was not realized 
even at 0.8 per cent, which was the highest protein concentration 
used. The extrapolated time of outflow of both heat- and urea- 
denatured protein solutions was always normal and equal to that 
of the water constant of the viscosimeter when corrected for the 
presence of electrolytes. 
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Much time and effort were spent to ascertain the cause of the 
extraordinary hiatus in the viscosity to protein concentration 
relation. To this end the following experiment was done. The 
clean viscosimeter was filled with protein solution and allowed to 
stand for a few minutes with the solution in it. The solution was 
then withdrawn and the instrument washed thoroughly with 
water and finally dried. It was found that after this treatment 
the water constant had been increased by 1.00 second. The in- 
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Fig. 1. Time of outflow of egg albumin solutions at the isoelectric point 
as a function of protein concentration. 


strument was then thoroughly cleaned with Na;PO, solution, 
washed with water, and dried. Protein solution was then placed 
in the reservoir tube but not allowed to enter the capillary. After 
standing, the protein solution was withdrawn and the instrument 
washed with water and dried. The water constant under these 
conditions was 0.92 second above that of the clean instrument. 
This indicated that conditions produced by the presence of protein 
in the capillary had little if anything to do with the hiatus in the 
viscosity with increasing concentration. It was noticed that after 
the inside of the viscosimeter had been coated with protein by 
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allowing a protein solution to stand in it, which was then washed 
out, the water draining from the drainage bulb made a 0 angle of 
contact with the glass surface, while the ascending meniscus in 
the reservoir tube made a 90° contact angle. With protein solu- 
tions the descending meniscus always made a contact angle of 0 
with the surface of the drainage bulb (surface completely wet). 
The ascending meniscus in the reservoir tube made angles of 
contact less than 90° but on!y with higher protein concentrations 
was complete wetting achieved. This behavior suggested an ex- 
planation based upon surface tension effects. 

Jones and Fornwalt (5) have considered the corrections which 
are necessary when one is dealing with a liquid whose surface ten- 
sion is lower than that of water. Here the situation is somewhat 
different. The surface in the drainage bulb is being continually 
destroyed and created as the protein surface is deposited on the 
interior of the drainage bulb as the meniscus descends. Under 
these circumstances the surface tension must be high and fairly 
close to that of water. In the reservoir tube, however, the sur- 
face is not destroyed and upon aging surface tension is probably 
in the neighborhood of 46 dynes per cm. (unpublished experiments 
by the author on the surface tension of egg albumin solutions). 
In addition, as has already been pointed out, the ascending res- 
ervoir meniscus does not completely wet the glass surface, so 
that the surface tension is not completely effective in tending 
to draw the liquid up in the reservoir tube. 

The following simple calculation has been carried out for the 
case of pure water in the viscosimeter which had been previously 
coated with protein and whose ascending meniscus in the reservoir 
tube made a 90° angle of contact with the glass surface; from 
Poiseuille’s law of liquid flow in a capillary we have 

. ra‘t; P 

va 850 
where V, is the volume of liquid flowing in time 4, a is the radius 
of the capillary, S is the length of the capillary, 7 is the viscosity of 
the liquid and P is* the pressure forcing the liquid through the 
capillary. P, the average pressure head, was calculated in the 
following manner. The time of outflow of pure water in the clean 
viscosimeter with a 10 cc. working volume was determined. The 
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working volume was then increased by 5 cc. and the new time of 
outflow obtained. The addition of 5 cc. of water was equivalent 
to decreasing the average pressure head by 2.34 cm. of water. 
Two simultaneous Poiseuille equations were obtained. By elim- 
inating the constants common to the two equations, an expres- 
sion was obtained for the average pressure head in terms of the 
two times of outflow and the decreased pressure head due to the 
addition of the 5 cc. of water. The average pressure for a 10 ec. 
working volume was calculated to be 1.92 K 10* dynes per sq.cm. 
a, the average radius of the capillary, was calculated by substitut- 
ing the average pressure head and the other known quantities in 
Poiseuille’s equation and solving for a. 

For a liquid making a contact angle of 90° with the reservoir 
tube, however, P has been decreased by the pull exerted by the 
surface tension of pure water on the wall of the reservoir tube, 
so that we have in this case 


v, = a G = =) 
8Sn r 


where o is the surface tension of pure water at 35° and assigned 
the value of 70.7 dynes per cm. and r is the radius of the reservoir 
tube and is equal to 0.825 em. Equating volume V,; to volume 
V2, and transposing, we have 


Substituting numerical values, we find that (,/t: is equal to 0.9919, 
or, since ¢; is equal to 98.75 seconds, fe is equal to 99.65 seconds 
and the difference between the water constant of the clean vis- 
cosimeter and that whose interior surface is coated with adsorbed 
protein is 0.90 second, which compares favorably with the ob- 
served difference of 0.92 second. This calculation shows that 
surface tension effects are entirely capable of accounting for the 
increased water constant of the viscosimeter. The hiatus in the 
viscosity-concentration curve is probably due to abrupt changes 
in the protein surface film as the protein concentration is in- 
creased. Bull (1) has already described such changes taking place 
at about 0.2 per cent egg albumin concentration. Such changes 
would be expected to alter the wetting qualities of such a film. 
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Results 


Fig. 2 shows the specific viscosity as a function of protein con- 
centration for solutions of native, of heat-denatured, and of urea- 
denatured egg albumin in the presence of 0.2 m phosphate buffer 
at pH 8.00. The heat-denatured solutions were made by adjust- 
ing the protein solutions to pH 8.00 with 0.1 m NaOH, heating on 
a boiling water bath for 7 minutes, cooling, and adding the phos- 
phate buffer and making up to volume. The solutions of urea- 
denatured protein were prepared by adding | gm. of urea per ce. 
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Fic. 2. The specific viscosity of egg albumin solutions as a function of 
protein concentration. Curve 1, urea-denatured egg albumin; Curve 2, 
heat-denatured; Curve 3, native egg albumin. All solutions are at pH 8.0 
in the presence of 0.02 m phosphate buffer. 


of the protein solution. At the end of 1 hour’s standing at room 
temperature the phosphate buffer was added and the solutions 
made up to volume and their viscosities determined. It will be 
noted that the viscosities calculated for the 0.2 and 0.4 per cent 
native protein solutions are slightly above the straight line con- 
necting the values for the 0.6 and 0.8 per cent solutions with the 
origin (see Fig. 2). This is the same effect as is shown in Fig. 1. 
The specific viscosity of the heat-denatured and of the urea- 
denatured solutions did not show this effect and all points for the 
denatured protein solutions fall on a smooth curve. It is also to 
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be noted that the viscosities of the solutions of both the urea- 
denatured and heat-denatured departed from a straight line rela- 
tion with increasing protein concentration. 

The question arose asto what extent the protein in contact with 
the urea had been denatured. To determine this 1 gm. of urea 
was added to each cc. of protein solution at the isoelectric point 
and the solution allowed to stand at room temperature for | 
hour. The solution was diluted and brought back to the iso- 
electric point with the addition of acid (there is a change of pH 
upon denaturation), a small amount of Na»SO, was added, and 
the precipitated denatured protein centrifuged and washed twice 
with water by decantation. The precipitate of denatured pro- 
tein was finally transferred to a weighing bottle and dried at 105° 
to a constant weight. That all the urea-denatured protein had 
been precipitated was established by the fact that the filtrate gave 
a negative nitroprusside test. This analysis showed that 86.5 
per cent of the protein had been denatured by the urea treatment. 
The viscosities of the solution of urea-denatured protein, as is 
shown in Fig. 2, really represent, therefore, the viscosity of mix- 
tures of 86.5 per cent urea-denatured and 13.5 per cent native 
protein. Estimates of the specific viscosity of solutions of com- 
pletely urea-denatured protein were made by calculating the 
time of outflow of a native protein solution whose concentration 
was 13.5 per cent of the total protein concentration. This time of 
outflow was then used in place of the water constant from which 
the relative viscosity of the urea-denatured protein solutions, 
whose concentrations were 86.5 per cent of that of the total pro- 
tein in solution, were obtained. This calculation assumes the 
viscosities of the urea-denatured and native protein solutions to 
be additive. 

The volume of protein per cc. of solution was then calculated 
by multiplying the weight of protein per cc. of solution by 0.746 
(specific volume of egg albumin). The values obtained were di- 
vided into the corresponding specific viscosities and this function 
(n./¢) plotted against protein concentration. These curves were 
extrapolated to 0 protein concentration to yield values for »,/¢ 
at 0 protein concentration. The 7,/¢ values obtained in this 
manner were 5.5 for native, 9.3 for heat-denatured, and 12.3 for 
completely urea-denatured protein. 











48 Viscosity of Egg Albumin Solutions 


An attempt was made to determine the viscosity of egg albumin 
denatured by guanidine hydrochloride but it was not found possi- 
ble to prepare solutions of protein so denatured that were clear 
and did not contain visibly suspended particles. 


DISCUSSION 
The Polson equation (13) can be written in the following form, 
%3/¢ = 4.0 + 0.098 (a/b)? 


where a/b is the ratio of the major and minor axis of a prolate 
ellipsoid. Substituting the 7./g values reported above, we have 
for the native egg albumin molecule an asymmetry of 3.9:1, for 
heat-denatured 7.4:1, and for urea-denatured 9.2:1, all at pH 8.00 
in 0.02 m phosphate buffer. 

It is evident from these studies on viscosity that even urea-de- 
natured egg albumin still has considerable structure and is not 
simply a polypeptide chain in the §-keratin form, since the egg 
albumin molecule, if it existed as a #+keratin chain, should be 
about 1000 A. units long and about 10 A. wide, which would yield 
an asymmetry of 100:1. 

It is interesting to note that Greenstein (3), in a study of the 
sulfhydryl groups exposed, upon denaturation found 0.5 per cent 
sulfhydryl expressed as cysteine for heat-denatured and 1.06 
per cent for urea-denatured albumin. The greater sulfhydryl 
for urea denaturation parallels the greater asymmetry of this 
form of the molecule. 

Williams and Watson (14) reported the molecular weight of 
urea-denatured egg albumin to be 21,000 as determined by the 
ultracentrifuge when the diffusion constant of a spherical particle 
of this size was used in the calculation of the molecular weight. 
This finding is not substantiated by osmotic pressure measure- 
ments of Huang and Wu (4) and by Burk and Greenberg (2). 
It is probable that the apparent discrepancy between the value 
obtained by the ultracentrifuge and that by osmotic pressure 
measurements may be due to the fact that the urea-denatured egg 
albumin molecule is not spherical but has, as shown by this re- 
search, an approximate asymmetry of 9.2:1 as calculated by Pol- 
son’s equation. Perrin’s (12) equation relates the asymmetry 
of a molecule to the ratio of the real diffusion constant to that of a 
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molecule having the same mass but spherical in shape. Sub- 
stituting the asymmetry of the completely urea-denatured mole- 
cule as determined by Polson’s equation in Perrin’s equation, we 
find that the real diffusion constant of the urea-denatured egg 
albumin is only 0.66 of that of a spherical molecule of the same 
weight. Substituting this value in the sedimentation equation 
and using Williams and Watson’s sedimentation constant, we find 
the molecular weight of urea-denatured egg albumin to be 32,000. 
This value compares favorably with that reported by Huang and 
Wu of 32,500 and lends support to the degree of asymmetry as 
calculated by Polson’s equation. 


SUMMARY 


1. The technique is described for the measurement of the vis- 
cosity of dilute solutions (less than 1 per cent) of egg albumin. 

2. A remarkable hiatus in the concentration to apparent vis- 
cosity relation is described. The cause of this hiatus is suggested 
as being due to lack of wetting of the glass surface by an advanc- 
ing surface of dilute egg albumin solutions. As the concentration 
is increased, the wetting characteristics of the surface film 
abruptly change. The more concentrated solutions wet glass 
completely. 

3. The viscosities of solutions of native, of heat-denatured, 
and of urea-denatured egg albumin have been measured and the 
asymmetry of these forms of the egg albumin molecule calculated. 
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STUDIES ON BIOLOGICAL OXIDATIONS 


XIII. THE OXIDATION-REDUCTION POTENTIALS OF SPIRO- 
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Warburg and his coworkers (1, 2) have suggested that the iron 
porphyrin catalysts which act as the last link for the transfer of 
electrons from oxidizable substrate to molecular oxygen are of 
the pheohemin type; they found that the spectrum of the CO 
compound of Spirographis hemoglobin resembled the spectrum 
of the CO compound of the Sauerstoffiibertragendes Ferment der 
Atmung. Warburg et al. (3) prepared pure crystalline Spiro- 
graphis hemin, to which the empirical formula of C32H32N,0;- 
FeCl + 1C + 1H was assigned. The chemical study of Spiro- 
graphis hemin was continued and brought to a successful conclu- 
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II. Sptrographis hemin 


sion by Fischer and von Seemann (4). While blood hemin is 
1 ,3,5,8-tetramethyl-2 , 4-divinylporphin-6 , 7-dipropionic acid 
FeCl (Formula I), Spirographis hemin is 1 ,3,5,8-tetramethyl-2- 
formyl-4-vinylporphin-6 ,7-dipropionic acid FeCl (Formula II). 
The replacement of the 2-vinyl group of blood hemin by a formyl 
group in Spirographis hemin is accompanied by a shift of the ab- 
sorption bands towards the red end of the spectrum (Fox (5), 
Warburg et al. (3)). It has been suggested by Fischer and von 
Seemann (4) that Spirographis hemin is formed by oxidation of a 
vinyl group of protohemin in position 2. Proceeding with the 
determination of the oxidation-reduction potentials of iron por- 
phyrins of biological importance, this paper presents data for the 
potentials of Spirographis hemin and some of its hemochromogens. 


EXPERIMENTAL 

The sample of Spirographis hemin was kindly furnished in 1932 
by Dr. Reid from Professor Warburg’s laboratory. Apprecia- 
tion and thanks for this assistance are here extended to both of 
them. The titrations were performed with a Rehberg micro- 
burette containing 0.2 cc. of titrating solution. The titration 
vessel was so constructed as to leave the rubber stopper free to 
receive only the burette tip and two platinum electrodes (Fig. 1). 

















EK. S. G. Barron 53 


A mercury seal between the burette tip and the vessel alloweda 
free vertical motion of the vessel, which was produced by means of 
a lever (b) placed at the bottom of a disk supporting the titra- 











Fic. 1. Apparatus for potentiometric microtitrations. a is the opening 
through which the purified nitrogen is passed; b, the lever at the bottom of 
the disk supporting the titration vessel. 


tion vessel. This device makes it possible to get from the burette 
quantities of reagent as small as 0.001 cc. Purified nitrogen 
entering the titration vessel through a was kept bubbling through- 
out the titration, and 1 drop of caprylic alcohol was added to the 
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solution to avoid foam formation. The titration vessel was con- 
nected to the calomel electrode by a capillary tube containing 
agar-saturated KCl which was prepared according to Borsook 
and Schott (6). The potentials were measured at 30° by a type 
K Leeds and Northrup potentiometer, with the Michaelis stand- 
ard acetate (pH 4.62) used as reference electrode. Titrations 
were performed on 10 cc. of 0.0001 m Spirographis hemin, Na.8,0, 
being used as reducing agent. 


Determination of Potentials 


Titration of Spirographis hemin was performed at two pH 
values, 9.63 and 7.224. The same difficulties as those experi- 
enced in the titration of blood hemin (7) were found here, the 
electrodes giving stable £.M.F. values very slowly at the beginning 
and erratic values at the end of the titration. At a pH value of 
7.224, the Spirographis hemin was titrated in Clark’s phosphate 
buffer (8) by dissolving the hemin in NaOH solution and adding 
afterwards the required amount of the KH.PO, solution. Up to 
85 per cent reduction the titration values agreed satisfactorily 
with calculated values from the equation 

RT. (Fe** hemin) 


E, = E’, —-—1 
. ° nF ” (Fet+ hemin) 


(1) 


where n = 1. Beyond that point there was aggregation and the 
E.M.F. values became erratic. At pH 9.66 the hemin was dis- 
solved in borate buffer. The E’» value at pH 7.22 was —0.089 
volt; at pH 9.63, —0.230 volt. The —dE’,/d pH value seemed to 
be about 60 millivolts per pH unit as in blood hemin. 

In the titration of hemochromogens, since the amount of Spiro- 
graphis hemin was insufficient for titrations at different concentra- 
tions of nitrogenous base, the same concentrations of base were 
used as those required to saturate blood hemin (7). Cyanide, 
pilocarpine, and a-picoline hemochromogens were prepared and 
titrations performed with Na2S.0, in borate buffer at the follow- 
ing pH values: 9.95 for cyanide hemochromogen, 9.63 for pilo- 
carpine hemochromogen and a-picoline hemochromogen (Fig. 2). 
Cyanide and pilocarpine hemochromogenes gave EF) values closely 
agreeing with those obtained from Equation 1 where n = 1. 
a-Picoline hemochromogen behaved like pyridine hemochromogen 
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when titrated at pH 10.8 (7), the Z, values occupying an interme- 
diate position between those given by the electrode equation with 
n = 1 and those given when n = 2. This is probably due to 
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Fig. 2. Oxidation-reduction potentials of Spirographis hemin and its 
hemochromogens. The abscissa represents per cent oxidation; the or- 
dinate, FE, in volts; ©, experimental findings; solid line, theoretical curve 
for values of E, = E’y — (RT/nF) In (Fet**/Fe***). Curve 1, e- 
picoline hemochromogen titrated at pH 9.63 (concentration of a-picoline, 
1m); Curve 2, pilocarpine hemochromogen titrated at pH 9.63 (concentra- 
tion of pilocarpine, 0.06 m); Curve 3, Spirographis hemin titrated at pH 
7.22; Curve 4, cyanide hemochromogen titrated at pH 9.95 (concentration 
of KCN, 0.07 m); Curve 5, Spirographis hemin titrated at pH 9.63. 


polymerization and aggregation. The E’» values found by titra- 
tion of these hemochromogens were as follows: —0.113 volt for 
cyanide Spirographis hemochromogen, —0.068 volt for pilo- 
carpine Spirographis hemochromogen, —0.010 volt for a-picoline 
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Spirographis nemochromogen. In Table I these values are com- 
pared with the EZ’, values of blood hemin and its hemochromo- 
gens. The oxidation of the vinyl group in position 2 in the por- 
phyrin of blood hemin to give the formyl] group in the porphyrin 
of Spirographis hemin is thus accompanied with a shift of the 


TABLeE I 
EB’, Values of Spirographis Hemin and Iis Hemochromogens As Compared 
with Those of Blood Hemin and Its Hemochromogens 


pH Ey 

volt 
Spirographis hemin....... 9.63 —0.230 
Blood hemin 9.63 —0.316 
Spirographis hemin 7.22 —0.089 
Blood hemin... ’ 7.22 —0.128 
Cyanide Spirographis hemochromogen 9.95 —0.113 
- hemochromogen. .. ; 9.95 —0.183 
Pilocarpine Spirographis hemochromogen 9.63 — 0.067 
<4 hemochromogen 9.63 —0.170 
a-Picoline Spirographis hemochromogen 9.63 —0.010 
- hemochromogen ; 9.63 —0.033 


TaB_e Il 
Position of Maximum Absorption Spectrum Bands of Ferrohemochromogens 
of Spirographis Hemin and Blood Hemin 


Hemochromogen Spirographis | Blood hemin 
hemin 
A, A, 

Cyanide....... He 5675 5365 
v Spirographis. . Ts 5930 5500 
Pilocarpine........... 5562 5265 
= Spirographis 5883 5441 
a-Picoline....... : 5555 5215 
. Spirographis 5850 5375 


potentials towards more positive values. Whether this shift in 
the potential is accompanied by a change in the catalytic power is 
not yet known. 

The position of the maximum absorption spectrum bands of the 
ferrohemochromogens here studied is given in Table II, together 
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with that of the corresponding ferrohemochromogens from blood 
hemin. In every case the two bands in the visible portion of the 
spectrum of the Spirographis ferrohemochromogens were shifted 
towards the red end of the spectrum, by 255 A. in cyanide, by 
321 A. in pilocarpine, and by 295 A. in a-picoline hemochromogen. 
Warburg and Negelein (2) give 584 my for the a band of 
pyridine Spirographis hemochromogen as compared with 557 my 
for the hemochromogen of blood hemin. A displacement in the 
same direction occurs in the great Soret band. Situated in the 
vicinity of 4000 A. in blood ferrihemin, it is displaced to 4200 A. 
in Spirographis ferrihemin (Warburg and Negelein (2)). In 
eyanide ferrihemochromogen this band has its maximum at 
4225 A. (9); it was shifted to 4500 A. in cyanide Spirographis 
ferrihemochromogen. The displacement of the absorption spec- 
trum bands of iron porphyrins towards longer wave-lengths when 
the values of the oxidation-reduction potentials approach that of 
oxygen, as observed here, will be discussed when the potentials 
and absorption spectra of pheohemins are reported. 


SUMMARY 


The oxidation-reduction potentials of Spirographis hemin 
(1,3,5,8 - tetramethyl-2-formyl-4-vinylporphin-6 ,7-dipropionic 
acid FeCl) and some of its hemochromogens have been determined 
by electrometric titration at 30°. The E’» value of Spirographis 
hemin at a pH value of 7.22 was —0.089 volt; at pH 9.63, —0.230 
volt. The FE’) value of cyanide Spirographis hemochromogen at 
pH 9.95 was —0.113 volt; that of pilocarpine Spirographis hemo- 
chromogen at pH 9.63 was —0.067 volt; that of a-picoline Spiro- 
graphis hemochromogen at pH 9.63 was —0.010 volt. In every 
instance the FE’, value was more positive than that of blood hemin. 
The absorption spectrum bands of Spirographis hemin and its 
hemochromogens were shifted towards the red end of the spec- 
trum by about 300 A. as compared with those of blood hemin. 
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ANTIKETOGENIC AND GLYCOGENIC ACTIVITY OF 
CITRIC ACID 
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(From the Scripps Metabolic Clinic, La Jolla, California) 


(Received for publication, December 1, 1939) 


Citric acid has long been known to be readily oxidized by the 
mammalian organism but until recently the details of its inter- 
mediate metabolism have remained obscure. Martius and 
Knoop (1, 2) have demonstrated that a-ketoglutarie acid is 
produced by the action of liver dehydrogenase on citric acid. 
Krebs and Johnson (3) found both a-ketoglutaric and succinic 
acids to be oxidation products of citric acid in isolated muscle 
tissue and Krebs (4) includes both of these compounds in his 
“citric acid cycle,’’ a series of reactions through which he believes 
carbohydrate to be oxidized in animal tissues. Breusch (5) has 
strongly criticized the evidence for the existence of the citric 
acid cycle, at least in muscle. We are not concerned here with 
the details of muscle cell metabolism and it would be surprising 
if exogenous citric acid could be thrown into such a cycle should 
it exist. Of more concern here is the nature of the oxidation 
of citric acid, which may take place in the liver. The findings of 
Orten and Smith (6) that the injection of all the compounds 
in the citric acid cycle increased citrate excretion have been taken 
by Krebs to support his scheme. With his coworkers Krebs (7) 
confirmed Orten and Smith and found that a-ketoglutaric acid 
as well as citric acid was excreted after the injection of the members 
of the “citric acid cycle.’’ Malonate, believed to inhibit the 
enzymes concerned with the cycle, caused the excretion of succinic 
and lesser amounts of a-ketoglutaric and citric acids. Succinic 
acid is very definitely a glucose former in the intact mammalian 
organism. It yields glucose in the phlorhizinized dog (8, 9), forms 
liver glycogen (10, 11), and is antiketogenic (11). If the route 
citric acid — .. . > a-ketoglutaric acid — .. . — succinic acid is 
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correct, citric acid should be glycogenic, a property which is 
not generally accepted for it. Lusk (12) interpreted an experi- 
ment of Baer and Blum (13) as evidence that citric acid could 
form glucose, as there was an increase in glucose excretion when 
sodium citrate was administered to a phlorhizinized dog. Green- 
wald (14) found that the administration of sodium citrate to 
phlorhizinized dogs and to a patient with diabetes mellitus was 
followed by an increased excretion of glucose, concluding that 
there was a conversion of the 6 carbon atoms of citric acid to 
glucose. Fiirth et al. (15) have reported that in a phlorhizinized 
dog citric acid exerted neither an antiketogenic nor a glycosurie 
effect and failed to find any increase in liver glycogen from feeding 
it to rats. 

The question of the glycogenic action of citric acid has been 
examined in a number of different ways. The ability (1) to over- 
come the effects of insulin hypoglycemia, (2) to form liver glyco- 
gen, and (3) to exert antiketogenic action has been consid- 
ered. A study of the ability of citric acid to form glucose in 
the phlorhizinized dog would also have been desirable and was 
attempted without success. The marked influence of an alkalosis 
on citric acid metabolism (16-19) made it necessary to feed the 
free acid and not the sodium salt. Citric acid solutions, adminis- 
tered by stomach tube, are retained very poorly by normal fast- 
ing dogs and the phlorhizinized fasting organism is remarkably 
sensitive. Experiments were carried out on eleven dogs and in 
no case was an appreciable amount of the citric acid retained, 
even when doses of only 2 gm. in 1 per cent solution were used. 

Relief of Insulin Hypoglycemia by Citric Acid—It is generally 
agreed that only those substances which, on enzymatic hydrolysis 
by the tissues or action by the liver, yield glucose are capable of 
overcoming insulin hypoglycemia. A comparison of the effect 
of citric acid with glucose in this regard is presented in Table I. 
Regular insulin of 40 units per ec. strength was used. The glu- 
cose and citric acid solutions were administered by stomach tube. 
Many of the rats which recovered were prostrate or even had con- 
vulsions, during the period after the insulin was given, before they 
recovered. 

It is obvious from the data in Table I that citric acid is capable 
of overcoming insulin hypoglycemia and it would seem probable 
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TABLE I 


Comparison of Effect of Citrie Acid with That of Glucose in Relieving Insulin 
Hypoglycemia in Rats 


Aver- Result 


i fo) 3 
4 s 

; ‘ A s Treatment b.. A body No No. 

miei g face | died Time resey- 

gm, 8q.dm. hrs. 

1 1 | 3 | Controls 154-186 | 3.5 3 8, 8, 9 0 
2 | 3 | Glucose 159-173 | 3.4 3 11, 12, 13 0 
3 | 3 | Citric acid | 154-179 | 3.4 0 3 

2 l 3 Controls 228-270 | 4.4 3 14, 15, 17 0 
2 | 3 | Glucose 192-238 | 4.1 1 18 2 
3 | 3 | Citrie acid 232-300 | 4.6 0 3 

3 1 8 | Controls 247-345 | 5.1 5 4, 5, 6, 10, 12 3 
2 | 8 | Citric acid | 264-324 | 5.1 0 8 

4 (1 | 3 | Controls 177-208 | 3.9 3 3.3, 3.5, 4.1 0 
2 | 3 | Glucose 177-227 | 3.9 3 3.5, 3.6, 5.7 0 
3 3 Citric acid | 181-215 | 3.8 3 6.7, 7.3, 11.1 0 


Experiment 1—Female rats fasted for 48 hours; then given 2.5 units of 
insulin per sq.dm. of body surface intraperitoneally at the 0 hour of the 
experiment. The dose was repeated in 5hours. Solutions of 0.5 m glucose 
and citric acid were given to the respective groups at 0.5 hour in doses of 
1.0 cc. per sq.dm. of body surface. The citric acid was too concentrated 
and when the doses were repeated at 6.25 hours the citric acid group re- 
ceived only 0.5 cc. per sq.dm. of body surface. 

Experiment 2—Male rats fasted for 48 hours; then given 5 units of insulin 
per sq.dm. of body surface subcutaneously at 0 hour. At 3.5 hours all were 
very weak and were given 0.5 ec. per sq.dm. of the two solutions in concen- 
trations of 0.5m. At 6 hours these doses were repeated. 

Experiment 3—Male rats fasted for 72 hours; then given 4 units of insulin 
per sq.dm. of body surface subcutaneously at 0 hour. Citric acid in 0.25 m 
solution given to one group in a dose of 1 cc. per sq.dm. of body surface 
immediately afterward. 

Experiment 4—Female rats fasted for 24 hours before being given 10 units 
of insulin per sq.dm. of body surface by the subcutaneous route at the 0 
hour of the experiment. At 1.25 hours all were prostrate. At 1.5 hours 
0.5 cc. per sq.dm. of body surface of the solutions was given. At 3 hours 
the rats were all in convulsions and at 3.25 hours the doses of glucose and 
citric acid were repeated. 


from this that it may form glucose in the organism. On a molec- 
ular weight basis it would seem to be more active than glucose. 
We would hesitate to draw any conclusions from this as to the 
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quantity of glucose which a given amount of citric acid may yield, 
for as we will show elsewhere the speed of formation of glucose is 
just as important as the amount of glucose a substance may form 
in overcoming insulin hypoglycemia. It is probable that citric 
acid forms glucose rather slowly and for this reason is more active 
than glucose itself in equimolecular quantities. If we follow 
Krebs’ scheme (4) for the oxidation of citric acid by muscle and 
assume that the route of glucose formation from citric acid by the 
liver is the same, 2 moles of citric acid = 1 mole of glucose. 

Formation of Liver Glycogen by Citric Acid—The glycogenic 
action of citric acid is quite marked. The experiments in which 
this is demonstrated are detailed in Table II. The administra- 
tion of citric acid always caused a definite increase in the amount 
of hepatic glycogen. Since there was no increase in nitrogen ex- 
cretion which might be taken as evidence that the extra glycogen 
arose from protein breakdown, we must assume that the glycogen 
was formed from the citric acid. This is further evidence that 
citric acid may form glucose in the organism. It may be seen 
from Experiment 4 that sodium citrate formed less glycogen than 
the free acid. This appears to be a result of the influence of an 
alkalosis on citric acid metabolism, which will be considered 
elsewhere. The method of Good et al. (20) was used for the glyco- 
gen determinations. 

Antiketogenic Activity of Citric Acid—In so far as we are aware 
any substance which has antiketogenic activity is able to form 
glucose in the organism and conversely all glycogen formers show 
antiketogenic action. Since citric acid is a glycogen former, it 
should be antiketogenic, and this is the case. Following a diet 
low in protein, a good fasting ketosis ensues in rats (11). The 
data in Table III were obtained from such fasting rats by methods 
described elsewhere (11). After removal from the diet the rats 
were fasted for a day before observations were commenced. 

Collection of a blood sample for acetone body determination 
involved sacrifice of the animal and the number of rats in a group 
from which urine collections were made was reduced by two when- 
ever blood samples were taken. Urine acetone bodies were deter- 
mined by Van Slyke’s method (21) and blood acetone bodies by 
the method of Barnes and Wick (22). 

The results in Table III show very clearly, both from the urine 
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excretion of acetone bodies and the blood levels, that citric acid 
has a marked antiketogenic action. Although the experiments 
were not designed to make a quantitative comparison of the 
activity of glucose and citric acid, the data suggest that mole for 
mole citric acid is about half as active as glucose, which is what 
theory demands. 


SUMMARY 
In the albino rat citric acid is as effective as glucose in the relief 
of insulin hypoglycemia, active in the formation of liver glycogen, 
and has a marked antiketogenic action. 
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THE ESTIMATION OF HISTIDINE 
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(From the Department of Biochemistry, New York State Psychiatric Institute 
and Hospital, New York) 


(Received for publication, December 1, 1939) 


During our experience with the silver precipitation method for 
the determination of the basic amino acids, the procedure for 
histidine has been changed repeatedly. A histidine value of 
approximately 0.9 per cent for mammalian serum proteins, re- 
ported by Block, Darrow, and Cary (1) in 1934 and obtained by 
precipitation of the diflavianate, was shortly thereafter (2) 
replaced by the value of 2.1 per cent when the histidine precipi- 
tated with silver at pH 7.4 was estimated by a modification of the 
Kapeller-Adler method. The nitranilic acid method (3), which 
is now in regular use and yields results agreeing well with the 
higher values, is here described in detail. 

The results given in the experimental part suggest that the 
histidine present in a protein hydrolysate can be recovered 
quantitatively by precipitation with silver at pH 7.4 followed by 
nitranilic acid. It must be remembered, however, that a varying 
proportion of the histidine may be destroyed during the hydrol- 
ysis. Thus Schenk (4), Csonka (5), Block (6), and others have 
reported the failure to isolate histidine after acid hydrolysis of 
whole yeast, although no difficulty was encountered by the latter 
two investigators when the yeast proteins were first separated 
from the bulk of the carbohydrate impurities. 


EXPERIMENTAL 


The experiments described below are only a few of the eighty 
odd carried out in an effort to improve the determination of 
histidine in proteins. 

Three 135.5 mg. portions of histidine hydrochloride monohy- 
drate (m.p. 255°, N 20.0 per cent, theory 20.0 per cent) were 
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dissolved in 15 cc. of water and 225 mg. of nitranilic acid dissolved 
in 25 ec. of water, acetone, or methanol were added. The sides 
of the flasks were scratched and the solutions were .placed in the 
refrigerator overnight. Histidine’ nitranilate (CsH,O,N;.- 
CsH,O,N:2) weighing 249, 251, and 250 mg. was obtained. These 
values, when calculated as histidine (factor 0.403), indicate a 
quantitative recovery. 

In order to ascertain the recovery of histidine from protein 
hydrolysates, the following experiments were conducted. 5.000 
gm. of gelatin, casein, or cattle blood proteins were hydrolyzed 
with 50 cc. of 8 N sulfuric acid. The amino acid hydrolysates 
were diluted to 100 cc. and the solutions were divided in 2 equal 
parts. 135 mg. of histidine hydrochloride hydrate were added 
to one portion of each protein hydrolysate and the histidine was 
isolated as follows: The amino acid solutions were diluted to 
200 cc. and warm concentrated barium hydroxide was added to 
pH 3.5 to 4.0. The barium sulfate was removed by centrifuga- 
tion and washed twice with hot water. The clear filtrates were 
concentrated to approximately 100 cc. in vacuo and the histidine 
was precipitated as the silver salt at pH 7.4. The histidine 
silver was centrifuged off and the precipitate washed with water. 
The silver salt was then suspended in water, acidified with dilute 
sulfuric acid, and the silver removed with hydrogen sulfide. The 
histidine sulfate solution was concentrated to approximately 200 
ec. and the pH of the solution adjusted to 3.5 to 4.0 with dilute 
barium hydroxide. The precipitate was removed and washed. 
The filtrates were concentrated to 10 cc. and the histidine was 
precipitated from a 50 per cent methyl alcoholic solution by an 
excess of solid nitranilic acid. After standing overnight, the 
histidine nitranilate was filtered on sintered glass crucibles, washed 
with methanol and ether, and dried at 110°. The following results 
were obtained. 


Gelatin + histidine yielded 266.6 mg. histidine nitranilate* 
4 yielded 21.5 mg. histidine nitranilate* 
Recovery 99% 


Casein + histidine yielded 372.8 mg. histidine nitranilate* 
** yielded 134.0 mg. histidine nitranilate* 
Recovery 96% 














_— 


our, wh 














R. J. Block 69 


Blood proteins + histidine yielded 594.0 mg. histidine nitranilate* 
ee yielded 339.6 mg. histidine nitranilate* 
Recovery 103% 


*N = 18.0 to 18.1 per cent; calculated 18.2 per cent. 


100 mg. portions of histidine nitranilate (except in the case of 
gelatin) obtained above were dissolved in a solution of 90 cc. of 
water, 85 cc. of acetone, 1 cc. of N hydrochloric acid, 1 ec. of 5 N 
sulfuric acid, and 10 ec. of 25 per cent potassium chloride. The 
precipitate of dipotassium nitranilate was washed with 2.5 per 
cent potassium chloride in 50 per cent ethanol. Total nitrogen 
determinations on the filtrates gave 10.9 to 11.2 mg., calculated 
for 40.3 mg. of histidine 11.1 mg. 
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BASIC AMINO ACID CONTENT OF HUMAN SERUM 
PROTEINS. THE INFLUENCE OF THE INGESTION 
OF ARGININE ON THE COMPOSITION OF THE 
SERUM PROTEINS* 


By RICHARD J. BLOCK 


(From the Department of Biochemistry, New York State Psychiatric Institute 
; and Hospital, New York) 


(Received for publication, December 1, 1939) 


Dirr (1) has recently reported that the administration of 3 gm. 
of arginine monohydrochloride intravenously or of 5 gm. orally 
resulted in a very considerable increase in the arginine content of 
the serum proteins. In one instance, he reported that the 
amount of arginine was increased from 5.42 to 8.15 per cent 1 hour 
after feeding 5 gm. of arginine hydrochloride. Dirr made use of 
a modification of the Sakaguchi (2) reaction to determine the 
arginine content of the serum proteins. The importance of this 
observation prompted us to repeat these experiments. 


EXPERIMENTAL 


Blood was drawn from one male and one female patient who were 
recovering from fractures of the leg but who were physically 
normal in all other respects. The initial sample was taken in the 
morning before breakfast. The subsequent samples were taken 
at stated intervals after the administration of 12.5 and 24 gm. 
of arginine hydrochloride. The blood was allowed to clot and the 
serum was removed by centrifugation. The sera were acidified 
with 5 N acetic acid to pH 4.5 and, after the addition of 3 volumes 
of dilute sodium chloride, the proteins were coagulated by heat. 
The precipitate was washed three times with hot water, and the 
lipids were removed by extraction with acetone, hot alcohol, 
hot benzene, and ether. Nitrogen was determined by the macro- 


* This investigation was aided in part by a grant from Child Neurology 
Research (Friedsam Foundation). 
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Kjeldahl method. The basic amino acids were estimated on 2.25 
gm. of protein by the modification of the silver precipitation 
procedure in use in this laboratory (3). Arginine was isolated 
as the flavianate, histidine as the nitranilate, and lysine as the 
picrate.' The purity of the derivatives was controlled by analyses 
and by melting points. 


Results 


The feeding of arginine did not result in any appreciable rise in 
the arginine content of the serum proteins (Table I). The molee- 
ular ratio of histidine to arginine to lysine remained approximately 
constant in all five experiments. The slight rise in arginine from 
3.9 to 4.1 per cent in the male patient is within the experimental 
error of the method. 

In the light of these results, we thought it possible that the 
increases found by Dirr after the feeding of arginine may have 
been due in part to the method he used to prepare the serum 
proteins. The following experiment was, therefore, carried out. 
800 mg. of arginine hydrochloride were added to 160 cc. of pooled 
serum obtained from the above patients. The arginine-containing 
serum was divided into 2 equal parts and the proteins were iso- 
lated from the one portion by precipitation with alcohol, according 
to Dirr, and from the other portion by heat coagulation. The two 


1 The determination of lysine as described in 1938 has been modified as 
follows: The lysine sulfate solution before being made alkaline with NaOH 
is concentrated to approximately 200 cc. rather than 10 to 25 cc. as sug- 
gested (cf. (3) p.9). The final steps in the isolation of lysine have also been 
changed. Thus, the lysine carbonate solution containing barium car- 
bonate in suspension (cf. (3) p. 10) is concentrated to approximately 150 
ec. and the precipitate is removed by centrifugation. . The supernatant 
liquid and washings are returned to the round bottom flask and the lysine 
solution is concentrated at low temperature (25-30°) to approximately 
25 ec. The solution is filtered through soft paper into a 100 cc. round 
bottom flask with a ground glass joint and the lysine solution is concen- 
trated further at low temperature to approximately 3 cc. The capillary 
and sides of the still are washed down with a little water and then thor- 
oughly with absolute alcohol. An excess of picric acid dissolved by warm- 
ing in absolute alcohol is added to the lysine solution, and the sides of the 
flask are scratched with a stirring rod on which a little pure lysine picrate 
has been allowed to crystallize. The solution is permitted to remain in 
the refrigerator overnight. The lysine picrate which crystallizes out in 
needles of from 1 to 4 mm. in length explodes sharply around 260° without 
recrystallization. 











— > - *F 














R. J. Block 73 


protein preparations were analyzed for nitrogen and the basic 
amino acids. The results of these analyses are given in Table I. 

The amount of arginine in the serum proteins precipitated by 
alcohol, although somewhat higher than that found in the heat- 
coagulated protein preparation, is hardly greater than that due to 
the experimental error of the method, and, even if it were signifi- 
cant, it would account for only a small part of the rise reported by 
Dirr. 

TABLE | 

Basic Amino Acid Content of Human Serum Proteins 





Serum Time — Nitrogen Histidine | Arginine Lysine 
hrs. per cent per cent | per cent per cent 
Male, fed 24 gm. argi- 0 14.8 2.0 3.9 5.9 
nine HCl 1 14.3 2.1 4.1 ; 
Female, fed 12.5 gm. 0 15.2 2.0 4.7 6.8 
arginine HCl 1.5 15.2 2.1 4.3 6.2 
3 15.0 3.5 |} “Ss 5.8 
Pooled serum + argi- 
nine HCl 
Alcohol precipitation 14.9 2.0 4.9 | 5.9 
Heat coagulation 14.9 2.1 46 | 6.0 
Control (1939) 15.3 2.0 4.1 5.8 
“ (1934) 14.7 2.1 4.7 | 6.9 


In order to show that the proteins prepared by precipitation with 
2 volumes of alcohol and by heat coagulation were similar in 
composition to those prepared by precipitation with 5 volumes of 
acetone, the average results of four recent duplicate analyses of 
serum proteins prepared by acetone precipitation are given in 
Table I, “Control (1939).”’ As a further control, an average of 
six duplicate analyses carried out in 1933 and 1934 is included 
in Table I, “Control (1934).”’ It will be seen that the amino acid 
composition of the serum proteins prepared by all three methods 
is approximately the same. 


SUMMARY AND CONCLUSIONS 


1. Human serum proteins prepared by heat coagulation or by 
precipitation with 2 volumes of alcohol or 5 volumes of acetone 
have approximately the same basic amino acid composition. 
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2. Proteins precipitated from serum containing 0.5 per cent of 
arginine hydrochloride yield little if any extra arginine. 

3. In the two human beings studied, the arginine content of the 
serum proteins was not appreciably increased by the ingestion of 
relatively large quantities of arginine hydrochloride. 


I am indebted to Dr. George A. Jervis for the sera and to Mer- 
rill Webb for invaluable assistance in the analyses. 
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MINERAL METABOLISM OF RATS ON AN EXTREMELY 
SODIUM-DEFICIENT DIET* 


By ELSA ORENT-KEILES anp E. V. McCOLLUM 


(From the Laboratory of Biochemistry, School of Hygiene and Public Health, 
the Johns Hopkins University, Baltimore) 


(Received for publication, December 14, 1939) 


In an earlier paper (14) we have described the symptomatology 
and effect on reproduction in the rat produced by uncomplicated 
deficiency of sodium. Little is known of the specific réle of 
sodium in mammalian metabolism in its relations to other meta- 
bolic products. Since this element has generally been considered 
in association with chlorine, the intake of sodium has been de- 
pendent upon the intake of sodium chloride. In the present in- 
vestigation we have studied sodium deficiency as affecting the 
excretion of nitrogenous compounds, and as affecting the excretion 
of potassium, calcium, magnesium, phosphorus, sodium, and chlo- 
ride, as respects both their absolute amounts and the pathways 
of their excretion. 


Procedure 


Six young rats, litter mates, weighing 35 to 40 gm., were used. 
Three were placed on the experimental diet containing 0.002 per 
cent sodium, and the remaining three were fed the control diet, 
the sodium content of which was 0.66 per cent. The “paired” 
method of feeding was used. At the beginning of the experiment 
the rats were fed their respective diets for a period of 3 days in 
order to determine the food intake of the experimental animals, 
which served as the basis on which the initial food allowance of 
the control rats was determined, the daily intake of each control 
animal being restricted to that of the paired experimental rat. 
The caloric intake as well as all other dietary factors was thus 
equalized. The composition and preparation of the diets have 


* This work was aided by a grant from the Rockefeller Foundation. 
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been described previously (14). Distilled water was allowed ad 
libitum, and the water intake of each individual animal was 
recorded. The rats were weighed at the end of each metabolic 
period, which in this investigation was of 7 days duration. The 
balance studies were continued without interruption until the 
death of the last of the experimental rats, which occurred in the 
nineteenth period. 

The procedure employed for the collection of the urine and 
feces and the methods used in the analysis of these excreta were 
essentially those described by Day and McCollum (2). 

RESULTS AND DISCUSSION 

The results reported here confirm the observations described in 
a previous publication (14) that the effects of sodium deficiency 
in the rat appear to be general in character rather than specific. 

As reported previously, the control animals grew better than did 
their pair mates deprived of sodium. During the experimental 
period the average total body weight gain per rat of the animals 
on the sodium-deficient diet was 57.7 gm. and that of the controls 
was 97.5 gm. The average amount of water consumed was 1074 
ml. and 1720 ml. respectively. The average amount of food 
eaten was 435 gm. and 452 gm. respectively. The amount of 
food consumed per gm. of body weight was 7.5 gm. and 4.6 gm. 
respectively. 

The nitrogen balance figures (Table I) indicate that the rats 
deficient in sodium did not have the ability to utilize protein as 
efficiently as the controls. The sodium-deficient rats retained 
only 760 mg. per rat during the entire 19 weeks, whereas the aver- 
age total retention of the controls was 2095 mg. The retention 
of the deficient animals was fair during the first 6 weeks. At 
about this time, when the first eye symptoms began to appear 
(14), the retention progressively decreased till the 14th week, 
when the eyes of the sodium-depleted rats were markedly affected 
and the animals showed a rapid loss of weight (14). At this time 
a negative nitrogen balance ensued and continued until death. 
This is in agreement with the findings of Schoorl (17), who fed a 
sodium-low diet to pigs and rats, and Sjollema (18), who kept 
chicks on a sodium-low diet and observed a low nitrogen balance. 

Since the water consumption of the control animals in this study, 
as indicated, was markedly greater and the control animals had 




















good deposits of fat, whereas the experimental animals were 
markedly lean, as was described in an earlier publication (14), 
the difference in weight between the sodium-depleted and the 
control animals is, probably, due also to the difference in water 
retention and fat synthesis, as well as in the nitrogen balance, 
which is in accord with the observations reported by Kahlenberg, 
Black, and Forbes (10). 

It is not entirely unexpected that the calcium, phosphorus, 
and chloride excretion in the two groups of rats does not show any 
considerable difference. Of particular interest is the metabolism 
of potassium in the sodium-deficient rats. In these animals the 
retention of potassium is considerably increased, being 310 mg., 
as contrasted with the control animals, whose retention was 78 
mg. (Table I). The magnesium values indicate a somewhat 
greater retention of this mineral by the sodium-deficient rats, 
being 85 mg., whereas that of the control animals was 65 mg. 
These results suggest that under the experimental conditions 
described here the sodium-depleted animal apparently redis- 
tributes its basic elements in order to maintain acid-base equilib- 
rium and water balance. 

In the control animals the sodium values representing weekly 
balances over a 19 week experimental period show that when the 
animal organism is supplied with adequate amounts of sodium, 
the retention fluctuates considerably during the various metabolic 
intervals. In sharp contrast are the results of the depleted rats 
in which, although the sodium retention is negative, the sodium 
values are practically constant throughout the experimental pe- 
riod. It is evident that sodium is the only element studied here 
which undergoes marked change; its balance is negative from 
the very beginning of the deficiency (Table I), and, although the 
sodium-low diet was acid-forming, the alkaline reserve of these 
experimental animals was apparently not endangered, since there 
were no signs of an acidic condition. This confirms the observa- 
tions that the rat is very resistant to any disturbance of the neu- 
trality-regulating mechanism of the body (11, 13). 

It is well established that to maintain the electrolytic concen- 
tration of the body fluids, both extracellular and intracellular, 
the sum of the basic elements must balance the sum of the acidic 
elements, for a reduction or increase in the total electrolytes, 
which comprise chiefly the basic radicals Na (extracellular) and 
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K (intracellular) and the acid radicals HCO; and Cl, is aceom- 
panied by a corresponding and respective increase or decrease in 
body water. The reason for the difference in the water consump- 
tion of the sodium-deficient animals and those receiving sodium is 
easily explained, since it is well known that changes in the base 
and water content of the organism parallel one another. Gamble 
and his associates (3, 5, 7) have demonstrated that conditions 
under which the water content of the body is reduced lead to the 
excretion of an equivalent amount of base and, conversely, con- 
ditions which deplete base are attended by equivalent losses of 
water (4,6, 8). Thus retention of base entails retention of water, 
and accumulation of water is associated with storage of base. 
When the water changes affect chiefly the extracellular fluids, the 
base simultaneously retained or lost is chiefly sodium. Sodium 
appears to be directly related to the water content of tissues, for 
water is not retained by the tissues unless they are supplied with 
sodium in spite of the fact that there is an abundance of chloride. 
Here again is pointed out the fact that the relation of sodium to 
water metabolism is close. The chloride metabolism of the so- 
dium-low diets was apparently not disturbed in spite of the close 
physiological relationship between sodium and chloride (15, 16). 

A physiological relation between sodium and potassium has been 
postulated by Bunge (1) and others (9, 12, 19) that in normal ani- 
mals large intake of sodium causes excretion of potassium; the 
results in this study suggest that in case of small intake of sodium 
there is retention of potassium. 

It appears, then, that, despite a limitation of sodium in the 
diet, severe enough to retard growth and impair the function 
of the animal organism, as described earlier (14), and despite an 
unbalance in the diet between base and acid, the sodium-depleted 
animal is sufficiently compensated by the increased retention in 
potassium and magnesium for neutralization of the metabolic 
acids excreted in the urine, and hence the delicate mechanism in 
the organism regulating the osmotic pressure and acid-base bal- 
ance is not disturbed appreciably. 


SUMMARY 


The effects of a diet extremely deficient in sodium on the me- 
tabolism of the rat were studied over a period of 19 weeks. Bal- 
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ance determinations of sodium, potassium, calcium, phosphorus, 
magnesium, chlorine, and nitrogen in both urine and feces were 
made at 7 day intervals throughout the experimental period. 
There was a continuous negative sodium balance. The calcium, 
phosphorus, and chlorine metabolism did not seem to be affected. 
There was some indication of an increased retention of magnesium. 
The most striking effect of the.deficiency was on the potassium, 
which showed a marked retention. The nitrogen retention, al- 
though progressively decreasing till the 14th week of the experi- 
ment, was positive. From that time on, i.e. the 14th week, it 
became negative simultaneously with the extreme pathological 
changes of the eyes and the onset of rapid loss of weight. 


Rebecca Snyder, Helen Diering, and Betty Eckenrode made the 
analytical determinations. 
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Mucilaginous tumors and tumor fluids occur quite frequently. 
The nature of the mucilaginous constituent, however, has been 
determined in only one instance: Kabat (2) isolated a viscous 
polysaccharide acid from the tissues and a cyst of a tumor of a 
filtrable fowl sarcoma. This polysaccharide was shown by its 
chemical properties and by enzymatic hydrolysis to be very similar 
to, if not identical with, hyaluronic acid which has been found in 
cattle and pig vitreous humor (3, 4), human umbilical cord (3), 
cattle and human synovial fluid (5), and Group A hemolytic 
streptococci in the mucoid phase (6). Probably the mucoid cap- 
sule of Group C hemolytic streptococci also contains hyaluronic 
acid (7). 

In this paper the isolation of hyaluronic acid from the viscous 
pleural fluid of a patient with a malignant tumor of the pleura and 
peritoneum is reported. The fluid was obtained through the 
courtesy of Dr. R. Loeb of the Department of Medicine. Clini- 
cally and pathologically the tumor was diagnosed as a mesothe- 
lioma or endothelioma. The peritoneal fluid had the same appear- 
ance as the chest fluid. It is quite obvious that the tumor cells 
themselves are the source of the hyaluronic acid, for this type of 
tumor frequently produces viscous fluids in the serous cavities (8). 
Furthermore, the usual transudates and exudates of the pleura 
and peritoneum are not viscous, even when a malignant tumor 
exists in these regions. Another indication is the almost constant 


* A preliminary report of this work has been published (1). 
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yield of hyaluronic acid in the fluids taken at different time 
intervals. 


EXPERIMENTAL 


Three different samples of pleural fluid were obtained. The 
procedure used for the isolation of the polysaccharide acid was 
similar to that used for the isolation of hyaluronic acid from 
synovial fluid (5), except that a final precipitation of the material 
in 10 per cent acetic acid by 2 volumes of alcohol was substituted 
for the glacial acetic acid precipitation previously used. There- 


TABLE | 
Analysis of Polysaccharide Acids Isolated from Pleural Fluid (Samples 1 to 3) 
and Cattle Synovial Fluid Corrected for Ash and Moisture 


& Equivalents per 
: equivalent weight 
Semple — 2 Crome Acety! ‘3 lal, yong Ash g = 
z 3 e\ig/|é& 
Z z ei gi Sis 
E 3 2/8/28 
=| < Z2i\imip 3 
per per per per . er per 
cent cent cent cent degrees cent cent 
l 3.21, 39.6 44.9) 9.85622 —76.8 1.27) 4.041.43)1.38 1.441.438 
2 3.00 40.8 46.610.5 576 —70.3, 6.67) 2.16 1.23 1.31/1.38)1.40 
3 2.95) 40.0 46.710.3 641 —67.7 3.15 1.44)1.351.431.54)1.58 
Synovial* 3.42 39.1) 42.510.2 477|—73.3 1.17 1.041.041.18 


* Average of six samples. 


fore a mixture of the free acid and its calcium salt was obtained, 
as the analysis of the material and its ash showed. Table I gives 
the analyses of the three samples isolated compared with the 
average data of six samples of hyaluronic acid prepared from cattle 
synovial fluid. 

The acid equivalent weights are too high and therefore the 
equivalents per equivalent weight are too high. But Table I shows 
that, in the limits of the error of the methods, the acid is composed 
of equimolar parts of hexosamine, hexuronic acid, and acetyl, 
and the rotation is very similar to that of the synovial fluid 
polysaccharide. 
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The hexosamine was isolated as the hydrochloride, as described 
earlier (3). 110mg. were obtained from 300 mg. of polysaccharide 
or 82 per cent of the amount determined analytically. The 
analysis was as follows: N (Dumas) 6.43 per cent, Cl (by titration) 
16.1 per cent (theoretical N 6.49 per cent, Cl 16.4 per cent), 
jnitial [a], +103°, at equilibrium +71.4°. The compound was 
therefore glucosamine hydrochloride. 

The identity of the pleural fluid polysaccharide with hyalu- 
ronic acid was finally established by enzymatic analysis. The 
enzyme was prepared from a rough pneumococcus designated as 
Strain D-39-R. Its preparation and properties are described else- 
where (9). The enzyme is highly specific for hyaluronic acid. 
The kinetics of hydrolysis of a sulfonated derivative of hyaluronic 
acid are, for example, quite different from that of the original 
sample.' 

For comparison five different enzyme concentrations were incu- 
bated at 37° at pH 5.9, in the presence of toluene, with 5 mg. of 
the polysaccharides from the tumor fluid and from umbilical cord. 
Reducing values determined at 2 and 20 hours are plotted in 
Fig. 1. It is evident that the curves agree closely and from this 
agreement it is concluded that the polysaccharides are identical. 

The yield of polysaccharide per 100 cc. of pleural fluid corre- 
sponded to 0.174, 0.187, and 0.142 per cent as compared to 0.02 
to 0.025 per cent from bovine synovial fluid, about 0.04 per cent 
from bovine vitreous humor, and 0.130 per cent from the cyst 
fluid investigated by Kabat. 

In previous papers from this laboratory it was pointed out that 
hyaluronic acid occurred free or in salt linkage only in vitreous 
humor and synovial fluid and was not chemically bound to pro- 
tein (3, 10,11). On the other hand, protein complexes are formed 
by the polysaccharide acids on acidification in the presence of 
protein. Such protein complexes were shown to be salts formed 
by the combination between the acid group of the polysaccharide 
and the basic groups of the proteins in stoichiometric proportions. 
The so called ‘‘mucins’”’ prepared by acidification of the native 
fluid must therefore be considered artifacts. 

‘Only one polysaccharide acid not containing glucuronic acid has been 


found which is also split by the enzyme though at a markedly different 
rate. The latter was isolated from submaxillary gland (unpublished). 
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To test for the presence of protein compounds, samples of (a) the 
pleural fluid (Sample 1), (b) the polysaccharide isolated from it, 
(c) the polysaccharide from umbilical cord, and (d) an acid poly- 
saccharide in a firm chemical linkage with a polypeptide! were 
submitted to Dr. Longsworth of the Rockefeller Institute for 
electrophoretic analysis.* 
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Fic. 1. Hydrolysis of polysaccharide acids by pneumococcus enzyme 


The pleural fluid was centrifuged to clear it of cells, diluted 
with an equal volume of veronal buffer of pH 7.8, dialyzed against 
the buffer, and analyzed as described by Longsworth and co- 
workers (12). Four components could be distinguished. The 
fastest component had a mobility of — 10.5 * 10-5, and the second 
and main component a mobility of —5.6 X 10-5, which is similar 


to that of albumin in serum. Moreover, the yellow pigment of 


* We are greatly indebted to Dr. Longsworth for carrying out these 
experiments. 
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the exudate migrated with this second component. This is similar 
to the migration of bilirubin with serum albumin and suggests that 
the second component of the chest fluid is serum albumin. The 
third and fourth components have mobilities of —2.9 and —0.5 
respectively, similar to the 8- and y-globulins of serum. No peak 
which might correspond to a-globulin was evident in the pattern. 
This is probably due to the fact that, owing to the high mobility 
of the first component, the electrolysis was interrupted too early 
for this component to separate from the albumin. The total area 
of the pattern corresponded to the following values, first compo- 
nent 5 per cent, second component 65 per cent, third component 
13 per cent, fourth component 17 per cent. 

From the nitrogen value of the fluid, minus non-protein nitrogen, 
minus glucosamine nitrogen of the isolated polysaccharide, the to- 
tal protein in the fluid was calculated as 3.55 per cent. From this 
figure and from the relative concentration of the first component, 
a concentration in the original fluid of this component was calcu- 
lated as 0.17 per cent, while the amount isolated by us corre- 
sponded to 0.174 per cent. The close agreement between these 
figures indicates that there was migration of the free polysac- 
charide rather than of a protein complex. This is borne out by 
the mobility of the isolated polysaccharide acids at the same pH. 
The polysaccharides of the tumor and the umbilical cord both 
had a mobility of —10.7 X 10-5, while the peptide complex of 
an acid polysaccharide (which, however, contains a hexonic acid 
instead of glucuronic acid) had a mobility of —6.95 K 10-°. The 
close agreement between the mobility of the fast component in the 
tumor fluid and of the isolated polysaccharides seems to prove 
that the fast component in the fluid is the free polysaccharide acid. 

Hyaluronic acid or its salts in solution always show a marked 
viscosity. However, the data on solutions from different sources 
and by different investigators have varied considerably. Asa rule 
the viscosity varied inversely with the purity of the preparations. 
In the case of synovial fluid, though no component of marked 
viscosity could be found other than hyaluronic acid, nevertheless 
the isolated polysaccharide accounted for only a fraction of the 
viscosity of the fluid from which it was prepared. 

A very great discrepancy was found in the present case. The 
relative viscosity of the native fluid centrifuged at 4000 R.P.m. 
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was 147.6 at 20° (relative to 0.9 per cent sodium chloride), while 
the neutralized polysaccharide at a corresponding concentration 
of 0.177 per cent in 0.9 per cent sodium chloride had a viscosity 
of only 1.54. (The viscosity of a 0.25 per cent solution, the concen- 
tration used in work previously published, was 1.79 (3, 5).) In 
Fig. 2 the relative viscosities of the pleural fluid have been plotted 
against the dilutions of the fluid with 0.9 per cent sodium chloride, 
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Fic, 2, Relative viscosity of pleural fluid at different dilutions 


The great drop in viscosity obviously cannot be explained by 
the assumption of a true solution of fibrous macromolecules. 
DISCUSSION 
From the drop of the viscosity on dilution and the normal con- 
ductance of the dialyzed and diluted fluid (reported by Dr. Longs- 


worth), it must be concluded that the original fluid is a gel formed 
by the polysaccharide acid and the copresent protein. This con- 
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clusion is further borne out by the fact that the fluid shows thix- 
otropy and that air bubbles in the fluid assume an ellipsoidal shape, 
both factors typical for a gel (13). The great variations in vis- 
cosity of the isolated polysaccharides may also best be explained 
by gel formation. The gel formation of the polysaccharide acid 
in the capsule of the hemolytic streptococci is obviously of great 
biological importance, as is in all likelihood the status of the poly- 
saccharide acid in the vitreous humor. 

A mobility similar to the one in the present case has been 
observed by Hesselvik in filtered vitreous humor (14). The fastest 
component had a mobility of —11.4 X 10-°, which the author 
ascribed to “‘hyalomucoid.”’ The difference between this and the 
mobility of —10.5 X 10-5 measured by Longsworth is probably 
due to difference in buffers and in ionic strength. Obviously the 
Upsala investigator was likewise measuring the mobility of 
hyaluronic acid. 

Hyaluronic acid in the capsule of hemolytic streptococci is con- 
nected with the virulence of the organisms. The virulent forms 
have been shown to possess mucoid capsules (15). Moreover the 
appearance in the organisms of an enzyme hydrolyzing hyaluronic 
acid is apparently somehow connected with the loss of viru- 
lence (9).2. In Group C hemolytic streptococci good experimental 
evidence has been brought forward to link the amount of an immu- 
nologically inactive acid polysaccharide, which is apparently 
hyaluronic acid, with the degree of encapsulation, virulence, and 
invasiveness (7). Another example of the connection between 
bacterial virulence and a mucilaginous constituent is that of gastric 
“mucin”? which renders virulent for mice (or increases the viru- 
lence of) a number of microorganisms avirulent (or of low viru- 
lence) for this species (16, 17). This effect of a mucoid capsule is 
obviously not due to any change inherent in the microorganism, 
but is probably due to a failure of the natural defense mechanism 
of the host to cope with the invading organism so that the latter 
can grow unchecked. It is tempting to speculate in the case of 
the malignant tumors as to the operation of a similar mechanism 
in which hyaluronic acid or similar constituents may prevent the 
action of the normal restraining influences of the host tissues, so 


* Unpublished data. 
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that the inherent growth tendencies of the tumor tissues become 
dominant. 


SUMMARY 


The viscous component of a pleural fluid associated with a 
malignant tumor of the pleura and peritoneum has been isolated. 
The substance has been shown to be hyaluronic acid and to be 
similar in composition and rotation to this polysaccharide obtained 
from other sources. This was further substantiated by the results 
of the enzymatic hydrolysis of a pneumococcus enzyme. 

In the electrophoresis apparatus a very fast component with a 
mobility of —10.5 * 10-5 was observed and shown to be free 
hyaluronic acid. The concentration of this fraction as determined 
by the electrophoresis experiment was very similar to the con- 
centration of the acid obtained by isolation. Furthermore, the 
mobility of hyaluronic acid isolated from the tumor fluid and from 
umbilical cord was —10.7 X 10-5, very similar to that of the fast 
fraction in the pleural fluid. 

The viscosity of the tumor fluid, as measured in an Ostwald 
viscosimeter, was about 95 times greater than the viscosity of the 
isolated polysaccharide acid in an equivalent concentration, drop- 
ping sharply on dilution. By the abnormal viscosity the fluid is 
characterized as a gel. Additional evidence for this hypothesis 
is given. 
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ANAPHYLACTIC SHOCK AND NITROGEN METABOLISM 
IN THE DOG* 


By LEON L. MILLER 
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It has been found that the severity of the clinical response to an 
intravenous shock dose of horse serum in a previously sensitized 
normal dog is definitely paralleled by the increase in urinary nitro- 
gen. When the clinical response is mild, there is little increase in 
the total urinary nitrogen and this increase is manifest mainly in 
the urea-ammonia fraction. When the clinical response is severe 
as indicated by a profound fall in blood pressure, prolonged bloody 
diarrhea, vomiting, and collapse, there is a very pronounced in- 
crease in total urinary nitrogen. This increase over a previously 
established base-line is most marked in the urea-ammonia fraction, 
but there are also significant increases in the creatine and uric 
acid fractions, while the creatinine shows little change. 

Previous reports from this laboratory show that tissue injury in 
the dog produced by a sterile turpentine abscess or by prolonged 
chloroform anesthesia elicits certain typical changes in the excretion 
of urinary nitrogen. The normal dog in which a sterile abscess 
has been produced will show a great increase in urinary nitrogen 
above the level of the simple fasting dog (1), and there is likewise 
a great increase in urinary nitrogen in the 4 days following chloro- 
form anesthesia (2). In both types of injury, creatinine excretion 
remained fairly constant, while the urinary creatine and uric acid 
excretion increased considerably during the acute stage of the 
injury. 

In the course of experiments designed to study the effect of 
body protein stores on susceptibility to horse serum anaphylaxis, 
and the effect of the latter on plasma protein formation under 


* Aided by a research fund given by Eli Lilly and Company. 
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conditions of plasmapheresis, it was found of interest to examine 
the urinary nitrogen excretion of normal dogs in anaphylactic 
shock. 

The total urinary nitrogen excretion during anaphylactic shock 
has been studied by a number of investigators (3-5) in the guinea 
pig, the rabbit, and the dog. In general they have concluded that 
there is an increased excretion of total urinary nitrogen. Major (6) 
has also stated that in the rabbit there is always an increase in 
urinary creatinine and that he was unable to find an anatomic 
foundation for these noteworthy changes in nitrogen metabolism. 


Methods 


All dogs used in these experiments were active, healthy, adult 
females. Before the metabolism studies were started, all dogs 
were sensitized to horse serum by giving 5 cc. of horse serum sub- 
cutaneously followed within the next 2 days by 5 cc. of horse serum 
given intravenously. The experiments were then planned so that 
at least 21 days elapsed before the shock dose of 20 cc. of horse 
serum was given intravenously. 

As indicated in the individual protocols, all dogs were fasted 2 
to 4 days at the beginning of the metabolism study. They were 
then placed on a diet which was protein-free except for 2 to 3 gm. 
of a solid liver extract.' Under this régime, the urinary nitrogen 
excretion rapidly approached a uniform base-line level. During 
the metabolism experiments, the dogs were kept in galvanized iron 
metabolism cages where they were under constant supervision. 
The urine was collected frequently as passed and was preserved 
by toluene and refrigeration. Each 24 or 48 hour period was 
terminated by catheterization of the animal and rinsing of the 
bladder with water. The urine of each period was analyzed for the 
following constituents: total nitrogen by macro-Kjeldahl, ammonia 
and urea by aération with the urease method, creatinine and 
creatine by the methods of Folin, and uric acid by the method of 
Morris and Macleod. 


EXPERIMENTAL 
From the clinical history of Dog 37-230 (Experiment 1), it will 
be noted that only a very mild clinical reaction of anaphylactic 


' We are indebted for this extract to Eli Lilly and Company. 
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shock was observed. Urinary nitrogen partition revealed no sig- 
nificant changes in any of the fractions. 


Experiment 1. Clinical Experimental History during Metabolism Study 


Dog 37-230. Adult female hound. This dog was given 5 cc. of horse 
serum subcutaneously, followed within 3 days by 5 cc. of horse serum in- 
travenously about 4 weeks before the metabolism study began. In this 
4 week interval, the dog was bled occasionally and maintained on the low 
protein diet (sucrose 118 gm., lard 27 gm., protein-free butter 12 gm., bone 
ash 3.3 gm., salt mixture 2.3 gm. (7), liver extract 2.4 gm., cod liver oil 
l5gm.). At the start of the metabolism period, this dog was hypoprotein- 
emic (plasma protein level 4.4 gm. per cent) and somewhat anemic (red 
cell hematocrit 30 per cent). 

Aug. 31. Urine collection started. Weight 11.4 kilos. 

Sept. 1-5. Ate an average of 60 to 70 per cent of the diet. 

Sept. 6. Given 20 cc. of horse serum intravenously. Within 1 minute 
the pulse became very perceptibly weaker. The dog staggered about for 
2or 3 minutes, and then stood with legs bowed for about 15 minutes; occa- 
sional movements were weak and incoordinated. 20 minutes after serum, 
the dog moved on call but with some stiffness of the hind legs. After 45 
minutes the pulse was firm, regular, and easily palpated and the dog was 
apparently completely recovered. 

Sept.6-11. Ate an average of 50 to 60 per cent of the diet. Returned to 
kennel in good condition. Weight 10.3 kilos. 

Nitrogen Metabolism—With base-line excretion of 1.80 gm. of total 
winary nitrogen, there were 1.57, 1.42, 1.64 gm. of total urinary nitrogen in 
the three 48 hour periods following the shock dose of horse serum. There 
were no significant changes in the creatinine, creatine, or uric acid 
excretion. 


Table I presents data obtained from Dog 37-233 (Experiment 2). 
The clinical history reveals that the anaphylactic shock was rela- 
tively mild and that recovery was rapid. There is only a slight 
increase in the total nitrogen excretion occurring in Periods 4 and 5. 
The changes in creatinine and creatine are insignificant and there 
is a definite increase in the uric acid excretion in Periods 4 and 5. 

In Table II are summarized data from Experiments 3 and 4, 
both carried out on the same dog (No. 37-178). In both experi- 
ments the clinical symptoms of anaphylactic shock were similar 
and of marked severity and duration. There are also parallel 
increases in urinary nitrogen excretion. In Periods 7 and 8 of both 
Experiments 3 and 4, there is a very large increase in total urinary 
nitrogen. This increase consists largely of urea and ammonia, 
the percentage of which rises accordingly. Although the cre- 
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atinine excretion undergoes no striking change, there is a very 
remarkable increase in creatine nitrogen which amounts to 5 times 
the basal excretion. In Period 8 of Experiments 3 and 4, there isa 
TABLE I 
Experiment 2. Fasting; Low Protein Diet; Mild Anaphylactic Shock 
Dog 37-233. 


~~ Period Total N Urea N + NH:N Creatinine N Creatine N Uris aaid 

hrs. mg. mg. per cent mg. per cent mg. per cent mg. 
l 48 2130 1390 65.2 186 0.9 36 0.2 4 
2 48 1940 1250 64.4 155 0.8 77 0.4 | 
3 4s 2390 1600 66.9 195 0.8 69 0.3 5 

20 ce. horse serum intravenously 

t 24 1590 1040 | 65.3 122 0.8 33 0.2 7 
5 24 1410 900 63.8 105 0.8 12 0.1 7 
6 48 2190 1440 66.8 178 0.8 6 0.05 4 
7 48 2270 1480 65.2 194 0.9 53 0.2 5 
8 18 2300 1450 63.0 177 0.8 17 0.2 t 


Experiment 2. Clinical Experimental History during Metabolism Study 
Period (Table 1) 

Dog 27-233. Adult female bull dog. 

May 28. 5 cc. of horse serum subcutaneously 

May 30. 5 cc. of horse serum intravenously. 

June 21. Fasting started which was continued through June 24. 

June 25. Low protein diet started, which was eaten regularly and com- 
pletely throughout the experiment. The diet was the same as that of Dog 
37-230, Experiment 1. 

July 6. Urine collections started. Weight 10.7 kilos. 

July 12. Horse serum (20 ce.) intravenously. Symptoms of distress 
within 3 minutes with pronounced weakening of the pulse, followed by 
violent vomiting, defecation, irritation about the muzzle, and congested 
conjunctivae. 1 hour after horse serum, the condition was very much im- 
proved and the dog ate the regular diet completely within the next 24 hours 

July 20. Dog in excellent condition. Weight 10.9 kilos. Returned to 
kennel. 


significant increase in uric acid. Incidentally, both experiments 
demonstrate very nicely the protein-sparing action of a carbo- 
hydrate-rich diet after Periods | and 2 of fasting. 

The results of Experiment 5, shown in Table III, are practically 
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identical with those of Experiments 3 and 4. Here again a severe 
clinical reaction is followed by correspondingly severe changes in 
urinary nitrogen excretion. The increased excretion of nitrogen 
starts sooner than in Experiments 3 and 4, although in all these 


TaB_e II 
Fasting; Low Protein Diet; Severe Anaphylactic Shock 
Dog 37-178. 


oy Period Total N Urea N + NHsN Creatinine N Creatine N a 
Experiment 3 
hrs. mg. mg. per cent mg. per cent mg. per cent mq. 
] 48 4500 3880 86.3 168 3.7 60 1.3 15 
2 48 3570 2850 80.0 180 5.0 18 0.5 18 
3 45 2020 1340 66.4 169 8.3 9 0.4 15 
4 48 2960 2180 73.5 157 5.3 31 1.0 13 
5 48 2420 1720 71.0 156 6.5 27 1.1 13 
20 cc. horse serum intravenously 
6 24 1320 930 70.0 46 3.4 43 3.3 5 
7 24 6000 5680 | 93.4 S4 1.4 203 3.4 7 
8 48 3540 2690 76.0 130 3.7 113 3.2 22 
a 48 1870 1200 64.4 116 6.2 20 1.1 18 
10 1s 1480 820 55.5 116 7.8 26 1.8 18 
ll 48 1560 900 57.8 116 7.4 17 1.1 14 
12 48 1530 860 56.4 110 7.2 12 0.8 14 
Experiment 4 
l 48 4830 4120 85.3 138 2.9 12 0.3 12 
2 48 3920 3220 82.2 71 1.8 12 0.3 ll 
3 48 1870 1260 67.5 133 7.1 30 | 1.6 | 9 
4 48 1840 1130 61.4 125 6.8 mY Bee 13 
5 | 48 | 2000 | 1360 | 64.8 | 130 | 62 | 36] 1.7 | 19 
20 ec. horse serum intravenously 

6 24 1050 620 | 59.0 47 4.5 26 2.5 5 
7 24 4410 3730 84.7 73 Fas 173 3.9 14 
8 48 4570 3650 79.9 110 2.4 168 3.7 22 
9 48 1790 1180 65.9 102 5.7 25 1.4 13 
10 48 1770 1170 65.9 105 5.9 5 0.3 13 
ll 48 1790 1180 65.9 103 5.8 10 0.6 12 
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TABLE 1l—Concluded 


Experiment 3. Clinical Experimental History during Metabolism Study 
Period (Table II) 


Dog 37-178. Adult female hound mongrel. 
Apr. 18. 5 ce. of horse serum subcutaneously. 

Apr. 20. 5 ec. of horse serum intravenously. 

Apr. 28-May 3. Fasted. Water in cage at all times. Urine collection 
started Apr. 30. 

May 4. Daily low protein diet started (sucrose 96 gm., lard 19 gm., 
protein-free butter 9 gm., bone ash 3 gm., salt mixture 2 gm. (7), liver ex- 
tract 2 gm., cod liver oil 15 gm.). Weight 8.5 kilos. 

May 11. Given 20 cc. of horse serum intravenously. Followed almost 
immediately by marked weakening of the pulse, severe vomiting, and 
diarrhea. Dog unable to stand; had convulsive running movements. Col- 
lapsed completely within 30 minutes. Given 1 cc. of adrenalin in 1: 10,000 
intramuscularly. Vomiting continued at intervals and vomitus became 
bile-stained. Diarrhea bloody. The dog was somewhat brighter later in 
the day and was able to stand weakly. Refused food. 

May 12. Moderate bloody diarrhea continued and contaminated urine 
Otherwise much improved. The dog ate 50 per cent of the diet. 

May 13. Condition better. The dog ate 50 per cent of the diet. 

May 14-22. Dog in good condition. Ate 100 per cent of the diet. 
Weight 7.8 kilos. 


Experiment 4 

Dog 37-178. 

July 10-13. Fasted. Urine collection started July 11. 

July 14. Low protein diet started (same as Experiment 3). The dog 
ate the diet regularly and completely until July 21. Weight 8.1 kilos. 

July 21. Given 20 ce. of horse serum intravenously. Response very 
similar to that seen in Experiment 3. The dog ate no food. 

July 22. The condition was much improved, but the dog ate no food 
(very hot day). 

July 23. The condition was very good, but the dog ate no food. 

July 24. The condition was very good. The dog ate 75 per cent of the 
diet. 

July 25-30. Ate 100 per cent of the diet. Returned to kennels in good 
condition. Weight 7.5 kilos. 


experiments the maximum effect is seen in the second 24 hour 
period following the shock dose of horse serum. The increased 
creatine excretion is just as striking as that seen in Experiments 3 
and 4, and the increased uric acid excretion is even more pro- 
nounced. 
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Taste III 

Experiment 5. Fasting; Low Protein Diet; Severe Anaphylactic Shock 

Dog 38-18. 

—  *f area wr oe ah 
Pesiod | Period Total N | Urea N +NH+N) Creatinine N Creatine N |Urie acid 
TV we. | wy. | me |prcent| op. |pwemt| ap | gwemtl me. 

1 | 48 | 4530 | 3520 | 77.7] 77 | 1.7 | 19| 0.4] 10 

2 | 48 | 4240 | 3200 | 75.4 | 103 | 2.4 72 | 1.7 8 

3 | 48 | 3410 | 2480 | 72.9 | 11 | 3.3 | 54] 16] 8 

4 | 48 | 3570 | 2470 | 69.2 | 184 | 5.2 | 92| 26 | 7 

5 | 48 | 3400 | 2880 | 69.9 | 212 | 62 | 69 | 2.0 | 10 

20 ec. horse serum intravenously 

6 | 24 | 2900 | 2000 | 72.1 | 100 | 3.5 91 | 3.1 5 

7 | 24 | 5470 | 4220 | 77.2 | 139 | 2.5 | 223 | 4.1 26 

8 | 48 | 3840 | 2650 | 69.0 | 202 | 5.3 | 81} 2.1 | 4! 

9 | 48 | 3640 | 2480 | 68.3 196 | 5.4 | 28 | 0.8 | 2 
1 | 48 | 3650 | 2480 | 68.0 | 192 | 5.3 | 19 | 0.5 17 
1 | 48 | 2640 | 17200} 65.0 | 162 | 61 | 2%| 09! 12 
12 | 48 | 171 | 6.6 34 | 1.8 10 





Experiment 6. 


| 2600 | 


1640 


63.9 


Clinical Experimental History during Metabolism Study 





(Table IIT) 


Adult female hound mongrel. 

Sept. 19. 5 cc. of horse serum subcutaneously. 

Sept. 21. 5 cc. of horse serum intravenously. 

Sept. 30-Oct. 2. Fasted. Urine collection started on Oct. 1. 


Dog 38-18. 


Oct. 3. Low protein diet started (same as diet of Dog 37-230, Experi- 
ment 1). Weight 12.5 kilos. 

Oct. 3-12. The dog ate 100 per cent of the diet regularly. 

Oct. 13. Given 20 cc. of horse serum intravenously. Defecated almost 


immediately, and attempted to defecate again after vomiting and retching 
for4minutes. Pulse very weak, barely palpable. Dog collapsed. Given 
0.5 ce. of 1:10,000 adrenalin intramuscularly. Later some bloody diarrhea, 
and bile-stained vomitus. Since the dog appeared very weak, it was given 
several doses of 5 per cent glucose in saline (total 400 cc.). Ate none of 
the diet. 


Oct. 14. Looked brighter, but still weak. Given 200 ce. of 5 per cent 
glucose by vein. Ate 60 per cent of the diet. 

Oct. 15. Very much better. 

Oct. 16-24. Dog in good condition. Returned to kennels. Weight 


12.1 kilos. 
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DISCUSSION 

From the above experiments, we can conclude that the changes 
in urinary nitrogen excretion in anaphylaxis are very similar to 
those observed in dogs suffering from a discrete, readily demon- 
strable tissue injury. Exactly such changes have been described 
in dogs with sterile turpentine abscesses, and in dogs with liver 
injury from chloroform anesthesia. In the normal dog, an aug- 
mented urinary nitrogen excretion with increased creatine and 
uric acid excretion is very probably a general response to exten- 
sive tissue injury of any type, be it obviously demonstrable, or of 
a more subtle systemic sort as in anaphylaxis. 

The above conclusion is in accord with the views expressed 
recently by Moon (8); namely, that the anaphylactic reaction is 
cellular rather than humoral, and that the meeting of antibody 
and antigen within the cells irritates or injures them. He adds 
that, if the injury is severe, it results in an inflammatory reaction 
not different from that which follows other injuries. 

The large increase in urinary creatine suggests that there is 
extensive damage to muscle tissue. It is a well known fact that 
the response of smooth muscle tissue is involved in the early acute 
stage of anaphylactic shock. It is not unreasonable to suspect 
that this is at least partly responsible for the increased creatine 
excretion. 

The fact that uric acid excretion increases following a moderately 
severe anaphylactic shock suggests that the liver function of 
converting uric acid to allantoin is somewhat impaired. This 
may be a result of the severe congestion and possible injury noted 
(8) in the liver after anaphylactic shock in the dog. 


SUMMARY 


Anaphylactic shock in dogs results in increased urinary nitrogen 
excretion paralleling in severity the clinical symptoms of the 
anaphylactic shock. This response is strictly comparable with 
that resulting from very obvious tissue injury, and substantiates 
the view that anaphylactic shock may be marked by tissue injury 
of considerable severity. 

The increased creatine and uric acid excretion following ana- 
phylactic shock suggests and supports the contention that both 
muscle and liver tissue undergo injury in anaphylactic shock. 
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MICELLE FORMATION IN AQUEOUS SOLUTIONS OF 
BILE SALTS 
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Rochester, Minnesota) 


(Received for publication, December 7, 1939) 


The solubility of fatty acids and cholesterol in bile does not 
appear to be due to the formation of soluble compounds of the 
choleic acid type. The bile is made up chiefly of the conjugated 
bile salts and such compounds with conjugated bile acids or salts 
have not been isolated (1). It is generally agreed that the solution 
of oils in aqueous solutions of soaps is associated with the micelle 
formation of the soap, the oil being dissolved, most likely, in the 
lipid center of the micelle (2-4). The bile salts are similar to the 
soaps in that they consist of a relatively large hydrophobic group 
and an ionic group. They might be expected also to form micelles 
and thus to be able to take up water-insoluble substances in a 
manner comparable to that of the soaps. 

Bashour and Bauman (5) were unable to find a sharp change of 
slope in the equivalent conductivity-concentration curve of sodium 
desoxycholate, usually taken as an indication of micelle formation, 
although freezing point determinations on the more concentrated 
solutions indicated some degree of aggregation. It seemed likely 
that measurement of the osmotic coefficient as well as of the equiva- 
lent conductivity at various concentrations would offer some evi- 
dence as to the state of aggregation of bile salts. 


EXPERIMENTAL 


~~ 

Cholic acid was obtained from the Sandoz Chemical Works, Inc. 
Its moisture content was determined as 2.2 per cent. Glycocholic 
and glycodesoxycholic acids were prepared by the methods of 
Cortese and Bauman (6). Sodium oleate was obtained from 
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Merck and Company, Inc., and used without further purification. 
The preparation gave a slightly cloudy solution at the higher con- 
centrations (0.19 to 0.43 m per liter). The bile acids were dis- 
solved in 0.5 n NaOH and adjusted to pH 7.8 to 8.0. The more 
dilute solutions were obtained by adding various amounts of 
water to the original solution. The solutions were made up by 
weight and, from density measurements, the concentration was 
expressed both on a weight and volume basis. In calculation of 
the osmotic coefficient, the concentration was expressed as moles 
of salt per kilo of water, whereas in the calculation of equivalent 
conductivity the concentration was expressed as moles of salt 
per liter of solution. 

By means of the thermoelectric method as modified by Baldes (7) 
and by Baldes and Johnson (8), the vapor pressures of the bile 
salt solutions were compared with those of reference NaCl solu- 
tions. The osmotic coefficients of the bile salts were then caleu- 
lated from the osmotic coefficients of NaCl which were derived 
from the freezing point data given in International Critical 
Tables (9). Calculations were made by means of the relation 
go = (Myaci X GJnaci)/mMs, where g» is the osmotic coefficient of 
the bile salt at the concentration ms, myc) is the concentration of 
NaCl solution which has the same vapor pressure as the bile 
salt solution, and gyac) is the osmotic coefficient of sodium chloride 
at that concentration, the concentrations being expressed as moles 
per kilo of water. The osmotic coefficient of sodium chloride was 
calculated from the relation, g = At/(2 XK 1.858 X m), where At 
is the lowering of the freezing point and m is the molality. Several 
measurements with four to six thermocouples permit the deter- 
mination of the vapor pressure of a solution with an accuracy 
equivalent to 0.0001 to 0.0002 mole of NaCl per kilo of water. 
Hence, the determination of the osmotic coefficient can be made 
with a fair degree of accuracy at a concentration as low as 0.005 M. 

Conductivity measurements were made with a Wheatstone 
bridge obtained from Leeds and Northrup, a Kohlrausch slide 
wire and a microphone hummer being used. The conductivity 
cell was made of Jena glass and had a cell constant of 0.5674 em." 
Since the water used in making up the solution had a relatively 
high conductivity (2.5 K 10~*), conductivity measurements were 
made only on dilutions down to 0.003 m. All measurements 
were made at a temperature of 25°. 
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Results and Comment 


From the results of the measurement of osmotic activity and 
of equivalent conductivity it is evident that the bile salts which 
were studied undergo micelle formation in aqueous solutions. In 
the case of sodium glycocholate (Fig. 1) the osmotic coefficient 
is decreased by 50 per cent as the concentration is increased from 
0.004; m to 0.098 m, while the equivalent conductivity is decreased 
only 19 per cent over the same range of concentration, thus indi- 
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Fic. 1. Osmotic coefficient (g) and equivalent conductivity (A) of sodium 
glyeocholate at 25°. 


cating an appreciable association of the bile acid ions. With 
sodium glycodesoxycholate (Fig. 2) the osmotic coefficient is 
decreased by 56 per cent and the equivalent conductivity by 19 per 
cent as the concentration is increased from 0.004; to 0.093 M. 
Similar results were obtained with solutions of sodium cholate 
(Fig. 3). 

The results obtained with the bile salts differ somewhat from 
those obtained with sodium oleate (Fig. 4). In the range of 
concentration in which micelle formation of sodium oleate occurs, 
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there is a sharp drop in the equivalent conductivity as well as 
in the osmotic coefficient. This marked decrease in equivalent 
conductivity with increase in concentration appears to be true 
generally for the paraffin chain salts and is the result of decreased 
ionization due to the local concentration of the ions making up 
the micelle (2). With sodium glycodesoxycholate (Fig. 2), how- 
ever, the equivalent conductivity remains nearly constant over 
a short range of concentration in which the osmotic coefficient 
decreases markedly. This difference might be explained by 


1.0, —— —_ . 














Fic. 2. Osmotic coefficient (g) and equivalent conductivity (A) of sodium 
glycodesoxycholate at 25°. 


postulating that, at least at the lower concentrations, the bile 
salt micelles consist, on an average, of a smaller number of anions 
than do the soap micelles. However, definite conclusions con- 
cerning this difference between the bile salts and soaps are not 
justified with the data at hand. 

The slight initial rise in the osmotic coefficient curves for sodium 
cholate and sodium oleate (Figs. 3 and 4) is probably due to experi- 
mental error. Measurements on these solutions were made at 
concentrations down to 0.003 m at which concentrations the error 
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Fic. 3. Osmotic coefficient (g) and equivalent conductivity (A) of sodium 
cholate at 25°. 
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Fic. 4. Osmotic coefficient (g) and equivalent conductivity (A) of sodium 
oleate at 25°. 
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in the determination of the osmotic concentration may be appre- 
ciable. With sodium glycocholate and sodium glycodesoxy- 
cholate, osmotic coefficient measurements were made at concen- 
trations of not less than about 0.005 m. 

While it cannot be definitely stated at this time that the solution 
of water-insoluble substances by the bile is associated with aggre- 
gation of the bile salt ions, such a conclusion appears reasonable, 
Bashour and Bauman (5), using pure solutions of the bile salts 
at 37.3°, found that the amount of cholesterol dissolved per gm. 
of bile salt increased with the concentration of the bile salt. In 
the case of sodium glycodesoxycholate, the weight of cholesterol 
dissolved per gm. of bile salt increased to a constant value of 
40 mg. at a concentration of about 3 per cent (0.064 m) of bile 
salt. As seen from Fig. 2, this is in the range of concentration 
at which the slope of the osmotic coefficient curve of this salt is 
rapidly decreasing. It would be of interest to compare the osmotic 
coefficient-concentration curves of the various bile salts with their 
solvent properties at the same temperature and pH. 


SUMMARY 


Osmotic coefficient-concentration and equivalent conductivity- 
concentration curves were determined for sodium glycocholate, 
sodium cholate, sodium glycodesoxycholate, and sodium oleate 
at 25°. The results indicate that the bile salts form ionic micelles 
above a critical concentration. It is suggested that solution of 
water-insoluble substances by the bile may be associated with 
micelle formation of the bile salts in a manner similar to the solu- 
tion of oils by soap solutions. 
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SYNTHESIS AND DETERMINATION OF THE LIPOTROPIC 
ACTIVITY OF THE BETAINE HYDROCHLORIDES OF 
dil-SERINE, di-THREONINE, AND 
dl-ALLOTHREONINE* 


By HERBERT E. CARTER ano DONALD B. MELVILLE? 


(From the Division of Biochemistry, Noyes Laboratory of Chemistry, 
University of Illinois, Urbana) 


(Received for publication, November 20, 1939) 


This paper reports the synthesis of the betaine hydrochlorides 
of serine, threonine, and allothreonine and a study of the action of 
these substances on the lipid content of the livers of rats fed a high 
fat, low protein diet. This work was undertaken for two purposes. 
Best and Huntsman (1) found that choline prevented the de- 
velopment of fatty livers in rats fed a high fat diet and that betaine 
possessed a similar lipotropic effect. Since choline contains a 
hydroxyl group, it was of interest to determine the lipotropic 
activity of some hydroxybetaines which are closely related to 
choline in structure. 

It also seemed possible that these studies might throw some light 
on the origin of choline in the animal body. The discovery of 
Channon and Wilkinson (2) and of Best and Huntsman (3) that 
casein has a lipotropic effect has been interpreted as indicating the 
possible synthesis of choline from one of the constituent amino 
acids of casein. Of the amino acids of casein, serine, containing 
the hydroxyethylamine grouping, is most closely related struc- 
turally to choline. Hence the physiological behavior of serine 
betaine is of particular interest, although it represents only one of 


* Aided by a grant from the Committee on Scientific Research, American 
Medical Association. 

+ The experimental data in this paper are taken from a thesis submitted 
by Donald B. Melville in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy in Biochemistry in the Graduate School of 
the University of Illinois. 
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the possible intermediates by which serine might be converted 
into choline in vivo. 

In the course of the synthetic work it was discovered that the 
betaines of threonine and allothreonine (but not of serine) are 
unstable in alkaline solutions, undergoing a retrograde aldol 
condensation as shown in the accompanying equation. 


O O O 
CH,;CH—CH oF = CHs¢ O + CH, cF 
O ‘H O- 
OH N* N* 
(CHs)s (CHa)s 


Preliminary experiments indicate that this reaction offers 
promise as a method for the quantitative determination of threo- 
nine. A study of other hydroxybetaines has revealed the fact 
that this reaction is a general one for a-amino-8-hydroxy acids and 
may be useful in differentiating these compounds from the iso- 
meric 8-amino-a-hydroxy acids. 


EXPERIMENTAL 
Preparation of Betaine Hydrochlorides 


The preparation of the betaines was first attempted by the 
method of Novak (4). 11.9 gm. of dl-allothreonine, dissolved in 
100 ce. of 1.0 N potassium hydroxide, were methylated with 56.7 
gm. (0.45 mole) of dimethyl] sulfate and 100 ce. of 4.5 N potassium 
hydroxide. The alkaline reaction mixture was then refluxed in 
order to destroy any unchanged dimethyl sulfate. The solution 
immediately became hazy and a dark brown precipitate gradually 
separated. At the end of 30 minutes the mixture was cooled 
and filtered. The solution had a strong odor of acetaldehyde. 
The filtrate was decolorized with norit and worked up in the usual 
manner. The crude product was recrystallized from alcohol, 
giving 5.0 gm. of a crystalline compound melting at 236-238°. 
The analytical data indicated that this substance was betaine 
hydrochloride instead of the expected allothreonine betaine 
hydrochloride. 


C;H,O;NCl. Calculated. N 7.09, Cl 17.97 
C;H,».O.NCI. ™ ** 9.11, * 23.13 
Found. * 9.07, °° 2.47 
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The identity of the substance was confirmed by the preparation 
of the picrate which melted at 180—182° and gave no depression of 
the melting point when mixed with an authentic sample of betaine 
picrate. Evidently allothreonine betaine is unstable in an alka- 
line medium, undergoing a retrograde aldol condensation with the 
production of betaine and acetaldehyde. The latter compound 
polymerizes under the influence of alkali, giving the gummy brown 
precipitate which appears during the refluxing of the alkaline 
methylation mixture. 

Under the above conditions dl-threonine betaine also decomposes 
to betaine and acetaldehyde. dl-Serine betaine, however, is more 
stable toward alkali and no evidence was obtained for the produc- 
tion of formaldehyde when the methylation mixture was heated. 
In this case the product, isolated in the usual manner, was a 
hygroscopic syrup which crystallized after long standing. A low 
yield (10 to 20 per cent) of dl-serine betaine hydrochloride was 
obtained when this material was recrystallized several times from 
absolute alcohol. 

In an attempt to avoid these difficulties Novak’s procedure 
was modified as follows: The methylation was carried out as 
before. The cold solution was then acidified with hydrochloric 
acid (100 cc. of 5.0 N per 0.1 mole of amino acid methylated) and 
the acid solution was refluxed for 5 hours. In this way both di- 
methyl sulfate and monomethy! sulfate were hydrolyzed in a single 
step. The betaine hydrochlorides were isolated as in Novak’s 
procedure. In each case the product was a hygroscopic syrup 
which crystallized very slowly. Only a small amount of pure 
betaine hydrochloride could be obtained from the crude products 
and the purification required repeated recrystallizations. Since 
an excess of dimethyl sulfate is used in Novak’s method, it was 
possible that a certain amount of O-methylation had occurred. 
Strong evidence supporting this view was the fact that the neutral 
equivalents of the partially purified products were 2 to 4 per cent 
higher than the calculated value. In the case of serine the 
O-methyl betaine hydrochloride was actually isolated in a pure 
state. The crude product obtained in one run was dissolved in 
absolute alcohol and cooled in an ice bath. An oil precipitated 
immediately. On further standing, large flat crystals appeared 
on the sides of the flask. These were carefully removed and re- 
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crystallized from absolute aleohol. The product thus obtained 
melted at 196-197°, and gave the correct analytical data for 
O-methyl-dl-serine betaine hydrochloride. 


C;H,O;NCl. Calculated. N 7.09, Cl 17.97, neutral equivalent 197.5 
Found Te eee ™ = 200.0 


This difficulty was overcome by decreasing the amount of di- 
methyl sulfate and by altering the conditions of the reaction 
slightly. Satisfactory results were finally obtained by the follow- 
ing procedure. 

A solution of 0.1 mole of amino acid in 100 cc. of 1 N potassium 
hydroxide was placed in a 500 cc. 3-necked flask equipped with a 
stirrer and two small separatory funnels. 37.8 gm. (28 ce., 0.3 
mole) of dimethyl sulfate were placed in one separatory funnel, 
and a solution of 16.8 gm. (0.3 mole) of potassium hydroxide in 
28 cc. of water was placed in the other. The flask was cooled in 
an ice bath and the two liquids were added at the same rate to the 
vigorously stirred reaction mixture over a period of 30 minutes. 
40 cc. of concentrated hydrochloric acid were added and the 
solution was refluxed for 5 hours. 75 gm. of barium chloride di- 
hydrate in 200 cc. of water were added to the warm solution. 
The barium sulfate was removed by filtration and washed twice 
with warm water. The filtrate and washings were concentrated 
to a syrup in vacuo. The residue was extracted with 300 ce. of 
absolute alcohol and the insoluble material (potassium chloride) 
was removed by filtration. The filtrate was concentrated and the 
residue was dissolved in 100 ec. of absolute alcohol. The alcohol 
was removed under reduced pressure, giving the crude betaine 
hydrochloride in the form of a viscous oil. The purification of the 
individual products is described below. 

dl-Serine Betaine Hydrochloride—The crude product was dis- 
solved in 100 ec. of warm absolute alcohol. The solution was 
filtered, and cooled in the ice box for 48 hours. The crystalline 
precipitate was removed by filtration, washed with cold alcohol 
and ether, and dried in a vacuum desiccator. 9 gm. of dl-serine 
betaine hydrochloride were thus obtained. A small additional 

amount (3 gm.) of impure material precipitated from the alcoholic 
filtrate on the addition of ether. This was purified by recrystal- 
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lization from 5 volumes of hot absolute alcohol. The total yield 
of pure product, melting at 198-199°, was 10.8 gm. (58 per cent). 


C,.H,,O;NCI. Calculated. N 7.63, Cl 19.35, neutral equivalent 183.5 
Found. ‘* 7.64, “* 19.10, “ oa 185 


di-Serine betaine hydrochloride is slightly hygroscopic and is 
highly water-soluble. It is moderately soluble in ethyl and butyl 
alcohol and is best purified from the former solvent. 

dl-Allothreonine Betaine Hydrochloride—The crude product was 
placed in a vacuum desiccator over phosphorus pentoxide for 6 
days, during which time the substance slowly crystallized. The 
erystalline mass was dissolved in 50 cc. of hot absolute alcohol. 
The solution was filtered and cooled to room temperature. An- 
hydrous ether was added slowly until a faint haziness was 
produced. The solution was seeded and placed in the ice box 
overnight. The crystalline precipitate was removed by filtration, 
washed with ether, and air-dried. This material was recrystal- 
lized again from an alcohol-ether mixture, giving 9 gm. (45 per cent 
yield) of pure dl-allothreonine betaine hydrochloride melting at 
166-168°. A small additional amount of product may be ob- 
tained by working up the filtrates, but it is hardly profitable to 
do so. 

C;H;.O;NCI. Calculated. N 7.09, Cl 17.97, neutral equivalent 197.5 

Found. * 7.08, ** 17.88, a e 198 


dl-Threonine Betaine Hydrochloride—The crude product was 
purified in the same manner as the allothreonine derivative. 
Butyl alcohol was found to be a satisfactory solvent for recrystal- 
lization of the derivative, after it had been partially purified by 
one recrystallization from an alcohol-ether mixture. The yield 
of pure dl-threonine betaine hydrochloride was 8 gm. (41 per cent). 


.09, Cl 17.97, neutral equivalent 197.5 


C;H,O;NCI. Calculated. N 7 
> ie - as 199 


Found. 

dl-Threonine betaine hydrochloride is considerably more soluble 

in absolute alcohol than the allothreonine derivative. The threo- 

nine betaine hydrochloride melts at 162-164°. A mixture of the 
isomers melts at 142-152°. 
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Feeding Experiments 
Albino rats weighing 125 to 175 gm. were used in the feeding 
experiments. The rats were maintained in separate metabolism 
eages and fed ad libitum. At the end of 21 days they were de- 
capitated and the livers removed. The total fatty acid and 


TABLE I 
Effect of Various Substances on Production of Dietary Fatty Livers in Rats 


Liver 
, — Change 
Supplement to diet* fooe in Wei 
, ai ght 
intake | weight Weight | per 100 | Lipidt 
gm. rat 
per cent gm per cent gm. gm. per cent 
Caseint 5.0 6.1 —14.3) 5.28 4.6 27.6 
ae 5.0 5.5 —12.0, 6.09 6.1 27.1 
ce 10.0 7.9 16.8 7.55 1.9 31.1 
66 20.0 8§.3 26.9) 7.26 4.0 14.3 
= 30.0 7.9 37.0) 6.05 3.5 9.4 
hydrolysate (7) 29.3 * t 
a — er a) O.9 14.4) 5.32 | 3.5 7.1 
rryptophane 0.7 
Casein 5.0 
* " . 5.1 —17.9| 3.79 3.¢ 5 
Choline chloride 0.25 ; ‘ , sh 1.6 
Casein 5.0 
Betaine hydrochlorides of 
dl-Serine 1.9 5. —17.7| 3.23 4.1 21.7 
= 1.9 5.5 13.5) 6.90 6.2 33.4 
dl-Threonine 2.0 5.5 —11.7| 6.15 5.5 26.8 
dl-Allothreonine 2.0 5.5 —11.2) 5.76 5.1 24.9 


* Each experiment was carried out on a group of six rats (three males and 
three females) from the same litter. 

t In these experiments, the term “‘lipid’”’ is used to designate total fatty 
acid and unsaponifiable matter. 

t Labco vitamin-free casein was used in all the experiments 


unsaponifiable matter of the individual fresh livers were determined 
by the method of Leathes and Raper (5). 

Each of the diets used contained Crisco 40, salt mixture (Osborne 
and Mendel (6)) 5, cod liver oil 1, the supplement, and glucose to 
make 100 per cent. The vitamin B factors were supplied in the 
form of two pills daily, each containing 75 mg. of milk concen- 
trate and 10 mg. of fullers’ earth adsorbate of a rice polishings 
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extract. The supplements, the concentrations at which they were 
incorporated in the diet, and the results of the feeding experiments 
are shown in Table I. 

The results obtained with various levels of casein are similar 
to those reported by Channon and Wilkinson (2) and others. 
The basal diet (5 per cent casein) uniformly produced a highly 
fatty liver. A control group of rats receiving choline chloride 
showed no accumulation of fat in the liver. 

The betaine hydrochlorides were fed at 5 times the molar level 
of the choline chloride. The rats showed no obvious ill effects 
from the ingestion of these quantities of the betaine hydrochlorides, 
and lost no more weight than the controls. Although there is 
considerable difference in the liver fat of the two groups of rats 
receiving serine betaine hydrochloride, the data show conclusively 
that the hydroxybetaines have no lipotropic effect. 

Recently Welch and Welch (8) and Platt (9) have shown that 
choline has considerably more lipotropic effect than betaine. The 
former authors found that alanine betaine also has lipotropic 
activity but made no comparison of this substance with choline or 
betaine. These results combined with our data make possible a 
comparison of the lipotropic activity of choline chloride (1), 
betaine hydrochloride (II), serine betaine hydrochloride (III), 
and alanine betaine hydrochloride (IV). Such a comparison 


I. (CHs);N*—CH.CH,OH II. (CHs)s;N*—CH,CO,.H 
+ Cl 
Ill. (CH;);N*—CH—CH,OH IV. (CH;);N*—CH—CO,H 
] 
| | 
Cl- CO.H Cl- CH; 


affords an interesting study of variation of physiological effect 
with structure in a group of closely related compounds. The 
results show that the introduction of a hydroxyl group into the 
betaine molecule may depress rather than enhance its effect on 
liver fat. Further, it is interesting to note that the introduction 
of a carboxyl group on the a-carbon of choline converts it into the 
lipotropically inactive serine betaine. 

The mixture of amino acids obtained on hydrolysis of casein is 
as effective as casein in preventing the development of fatty 
livers in rats. Since the hydrolysate was practically phosphorus- 
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free, this result eliminates the possibility that the organic phos- 
phorus of the casein is responsible for its lipotropic effect. 


SUMMARY 


1. A method has been developed for the synthesis of the betaine 
hydrochlorides of dl-serine, dl-threonine, and dl-allothreonine. 

2. The betaines of dl-threonine and dl-allothreonine undergo a 
retrograde aldol condensation in an alkaline medium, yielding 
betaine and acetaldehyde. 

3. The betaine hydrochlorides of dl-serine, dl-threonine, and 
dl-allothreonine do not prevent the development of a fatty liver 
in rats fed a high fat, low protein diet. 
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AZLACTONES 


fl. AZLACTONE FORMATION IN GLACIAL AND IN AQUEOUS 
ACETIC ACID AND PREPARATION OF BENZOYL-a- 
AMINOCROTONIC ACID AZLACTONE II 


By HERBERT E. CARTER anp CARL M. STEVENS 


(From the Division of Biochemistry, Noyes Laboratory of Chemistry, 
University of Illinois, Urbana) 


(Received for publication, November 20, 1939) 


In a continuation of our work with azlactones (1) we have 
carried out an investigation of azlactone formation in aqueous and 
glacial acetic acid under the influence of acetic anhydride. Such 
astudy was of interest in connection with the work of du Vigneaud 
and Meyer (2) and of Bergmann and Zervas (3) on the racemiza- 
tion of amino acids. The former authors found that acyl deriva- 
tives of certain amino acids in aqueous solutions were racemized 
by the action of acetic anhydride provided a basic substance, such 
as sodium acetate or pyridine, was present. In the absence of 
the base very little racemization occurred. Convincing evidence 
was advanced that azlactone formation caused the racemization, 
although the azlactones were not isolated from the reaction mix- 
tures. Bergmann and Zervas (3) studied the racemization of 
acylated amino acids in glacial acetic acid and reported that the 
results obtained depended on the relative amounts of acyl deriva- 
tive and acetic anhydride used in the reaction. In the presence 
of 2 or more moles of acetic anhydride an azlactone was formed 
with resulting racemization of the acyl derivative. In the presence 
of 1 mole or less of acetic anhydride no azlactone was isolated but 
“eatalytic’”’ racemization of the derivative occurred. It seemed 
possible that these results might be correlated by a study of the 
factors affecting azlactonization and racemization of acylated 
amino acids. 

The fact that benzoyl-a-aminocrotonic acid azlactone is resistant 
to hydrolysis, and is readily isolated and recrystallized, afforded 
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an excellent means of studying azlactone formation. Therefore, 
we undertook a study of the reactions of benzoyl-a-aminocrotonie 
acid and of N-benzoyl-O-methyl-dl-allothreonine with acetic ap- 
hydride in aqueous and in glacial acetic acid, with and without 
the addition of sodium acetate. The results obtained made it 
desirable to study further racemization in glacial acetic acid under 
the conditions used by Bergmann and Zervas (3). For this pur- 
pose benzoyl-l-p-methoxyphenylalanine was employed. 


EXPERIMENTAL 


The benzoyl-a-aminocrotonic acid azlactone obtained in these 
experiments was found to consist of a mixture of the cis and trans 
isomers. In order to distinguish these, the substance previously 
obtained (1), melting at 95-96°, will be called Azlactone I, and 
the isomeric compound, melting at 144-145°, will be designated 
as Azlactone II. The latter compound is readily obtained by the 
following method. 

Benzoyl-a-Aminocrotonic Acid Azlactone II—47.4 gm. of N-ben- 
zoyl-O-methyl-dl-allothreonine were heated on the steam cone for 
10 to 15 minutes with 100 cc. of acetic anhydride. The solution 
was cooled in an ice bath and the precipitate was removed by 
filtration. ‘The solid material was recrystallized from 8 volumes 
of alcohol, yielding 11 to 13 gm. (30 to 35 per cent yield") of crude 
Azlactone II melting at 138-140°. The crude substance was 
purified by recrystallization from benzene or alcohol. 

.49 


CyuH,O.N. Calculated. C 70.59, H 4.81, N7 
‘ 7.56 


Found. ot 5: Mme fe 


Azlactone II melts at 144-145°, if the melting point tube is placed 
in the bath at 135-140° and heated rapidly to the melting point. 
This precaution is essential, since Azlactone II, when heated at 
100° or above, is rapidly converted into a mixture of the isomers 
melting at 83-88°. Azlactone II is converted almost quantita- 
tively into Azlactone I by the action of pyridine at room tempera- 
ture for 15 minutes. This behavior may account for the fact that 
in our previous work (1) only Azlactone I was obtained. 


116 to 18 gm. of crude Azlactone I may be isolated from the acetic 
anhydride and alcohol filtrates from Azlactone II, giving a total yield for 
this reaction of 75 to 85 per cent. 
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The structure of Azlactone II was established by hydrolysis to 
Benzoyl-a-aminocrotonic Acid II and by conversion to benzoyl-a- 
aminobutyric acid by the method previously described. 

Benzoyl-a-A minocrotonic Acid II—10 gm. of finely powdered 
Aglactone II were heated on the steam cone with 800 cc. of 0.5 N 
hydrochloric acid for 15 minutes. The solid did not dissolve com- 
pletely. The mixture was cooled in an ice bath and the precipi- 
tate was removed by filtration, yielding 7.5 gm. of crystalline mate- 
rial melting at 140-160°. This was extracted with 100 ce. of 
warm benzene, giving 6 gm. of a mixture of the benzoyl-a-amino- 


} erotonic acids melting at 165-175°. The crude material was 


recrystallized from absolute alcohol, giving 4 gm. of pure Benzoyl- 
eaminocrotonic Acid II. 


CyuHn0;N. Calculated. C 64.39, H 5.37, N 6.83, neutral equivalent 205 
Found. “Ct; 64, * 6s. oe - 207 


Benzoyl-a-aminocrotonic Acid II melts at 195-198°; Acid I 
melts at 193-195°; a mixture of the two acids melts at 165-170°. 
Acid II is considerably less soluble than Acid I in absolute alcohol. 


Adlactonization of N-Benzoyl-O-Methyl-dl-Allothreonine and of 


Benzoyl-a-A minocrotonic Acid 


In Aqueous Acetic Acid with Sodium Acetate—5.9 gm. (0.025 
mole) of N-benzoyl-O-methyl-dl-allothreonine were suspended in 
50 cc. of water containing 2.1 gm. (0.025 mole) of sodium acetate. 
The solution was placed in a bath at 40-45° and vigorously shaken 
while 30 cc. of acetic anhydride were added slowly. The benzoyl 
derivative rapidly dissolved and after 2 to 3 minutes a white solid 
began to separate. At the end of 15 minutes the solid was re- 
moved by filtration and was recrystallized from 50 per cent alcohol, 
giving 3.75 gm. (80 per cent yield) of a mixture of Azlactones I 
and II melting at 80-105°. 

The above experiment was repeated with 5.1 gm. (0.025 mole) 
of Benzoyl-a-aminocrotonic Acid I. The yield of azlactone melt- 
ing at 83-88° was 3.6 gm. (77 per cent). 

In Aqueous Acetic Acid without Sodium Acetate—The above 
experiments were repeated without the addition of sodium acetate. 
The reaction was allowed to proceed for 2 hours. The yield of 
azlactone in each case was 0.2 to 0.3 gm. (4 to 6 per cent). 
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In Glacial Acetic Acid—0.025 mole of the benzoyl derivatiye 
was dissolved or suspended in 50 cc. of glacial acetic acid, Ip 
certain of the experiments 2.1 gm. (0.025 mole) of sodium acetate 
were added. Then 3 cc. of acetic anhydride (0.03 mole) were 
added and the mixture was maintained at a temperature of 38-49° 
during the course of the reaction. After varying lengths of time 
the solution was poured into a mixture of ice and water. The 
precipitate was removed by filtration, washed thoroughly with 
cold water, and air-dried. This material was dissolved in 19 
volumes of alcohol. The solution was diluted with an equal 
volume of water and cooled overnight in the ice box. The pre- 


TABLE | 


Azlactone Formation in Glacial Acetic Acid 
Yield of azlactone from 


N-Benzoy!-O-methy]-dl- 


Time of reaction eitetheosaine Benzoy|-a-aminocrotonie acid 
No sodium Sodium acetate No sodium Sodium acetate 
acetate present present acetate present present 
hrs. per cent per cent per cent per cent 
1.0 2.1 36.2 2.1 14.9 
1.5 51.1 42.6 
2.0 63.9 6.4 57.5 
2.5 76.6 
3.0 8.5 78 .6 74.5 
4.0 80.9 
6.0 17.0 12.8 87.3 
24.0 63.9 68.2 


cipitate was removed by filtration and air-dried, giving a mixture 
of Azlactones I and II melting at 83-88°. The results of these 
experiments are summarized in Table I. 

The following experiments were carried out to determine accu- 
rately the yield of azlactone produced by the action of 1 mole or 
less of acetic anhydride on 1 mole of benzoyl derivative. 

23.7 gm. (0.1 mole) of N-benzoyl-O-methyl]-di-allothreonine were 
dissolved in 100 ce. of glacial acetic acid. 10.2 gm. (0.1 mole) 
of acetic anhydride were added and the solution was warmed on 
the steam cone for 15 minutes (protected from moisture by a eal- 
cium chloride tube). The solution was cooled and poured into 
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jee water. The precipitate was removed by filtration and recrys- 
tallized from 50 per cent alcohol, giving 15 gm. (80 per cent yield) 
of a mixture of Azlactones I and II melting at 83-88°. 

The experiment was repeated with only 5.1 gm. (0.05 mole) 
of acetic anhydride. The yield of azlactone was 6 gm. (64 per 
eent calculated on the amount of acetic anhydride used). 


Azlactonization and Racemization of Benzoyl-l- 
p-Methoxyphenylalanine 

Benzoy|-l-p-methoxyphenylalanine was prepared by the method 
of Behr and Clarke (4). The product obtained had a specific 
rotation of [a]2?% = +9.7° in glacial acetic acid and —24.4° in 
50 per cent acetic acid (2.5 per cent solutions). The large varia- 
tion in rotation with change in concentration of acetic acid was of 
some importance in connection with the racemization studies. 

Benzoyl-dl-p-methoxyphenylalanine azlactone was prepared by 
the method of Mohr and Stroschein (5). The oil remaining after 
concentration of the acetic anhydride was crystallized from 50 
volumes of high boiling petroleum ether. The yield of pure opti- 
cally inactive azlactone, melting at 80-82°, was 65 to 70 per cent 
of the theoretical amount. 


C;;Hy;O;N. Calculated, N 4.98; found, N 5.07 


The azlactone is moderately soluble in petroleum ether and is 
quite soluble in benzene and glacial acetic acid. It is readily 
hydrolyzed to the benzoyl! derivative by standing for a few hours 
in aqueous acetic acid. 

Benzoyl-dl-p-methoxyphenylalanine anilide was prepared by 
warming the azlactone for 20 minutes at 60° with aniline. The 
pure anilide, melting at 207-209°, was obtained by recrystallizing 
the crude material from hot alcohol. 

C23H»O;N:. Calculated, N 7.48; found, N 7.49 


The anilide is insoluble in water and dissolves to the extent of 
1 gm. in 40 cc. of boiling alcohol. 


Azlactonization of Benzoyl-l-p-M ethoryphenylalanine 


In Aqueous Acetic Acid—4.0 gm. (0.013 mole) of benzoyl-l-p- 
methoxyphenylalanine, 1.1 gm. (0.013 mole) of sodium acetate, 
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and 13 cc. of water were placed in a 100 cc. flask. 10 cc. of acetic 
anhydride were added and the flask was placed in a bath at 49° 
and shaken intermittently for 15 minutes. The mixture was then 
poured into a separatory funnel containing 150 ec. of ice water 
and 100 ec. of benzene. The contents of the funnel were vigor- 
ously agitated for 5 minutes. The aqueous layer was removed 
and the benzene layer was washed with two 100 cc. portions of 10 
per cent potassium bicarbonate. The benzene layer was dried 
over anhydrous potassium carbonate, and the benzene was 
removed under reduced pressure. The residue crystallized on 
standing in a vacuum desiccator over phosphorus pentoxide 
and sodium hydroxide. The crude solid was recrystallized 
from 80 cc. of petroleum ether, giving 1.58 gm. (42 per cent 
yield) of benzoyl-dl-p-methoxyphenylalanine azlactone melting at 
79-82°. 

In Glacial Acetic Acid—6 gm. (0.02 mole) of benzoyl-l-p- 
methoxyphenylalanine, 20 cc. of glacial acetic acid, and 2 ce, 
(0.02 mole) of acetic anhydride were heated on the steam bath for 
15 minutes. The reaction mixture was cooled and worked up as 
in the previous experiment. The yield of azlactone melting at 
78-82° was 1.25 gm. (22 per cent). 

In the following experiment the benzoyl derivative was treated 
with varying amounts of acetic anhydride, and the azlactone 
present in each of the reaction mixtures was estimated by conver- 
sion into the insoluble benzoyl-dl-p-methoxyphenylalanine ani- 
lide. 

2.99 gm. (0.01 mole) of benzoyl]-l-p-methoxyphenylalanine and 
10 ce. of glacial acetic acid were placed in each of four flasks. 
Acetic anhydride was added to each flask in different amounts. 
The flasks were heated on the steam cone for 15 minutes and 10 ee. 
of aniline were added to each flask. After 3 minutes 100 ec. of 
water were added and the flasks were kept in the ice box overnight. 
The precipitates were removed by filtration and recrystallized from 
40 volumes of hot alcohol. Pure benzoyl-dl-p-methoxyphenyl- 
alanine anilide was thus obtained in yields of 0.80, 1.38, 1.79, and 
2.24 gm. respectively from 0.01, 0.02, 0.03, and 0.05 mole of acetic 
anhydride. 2.81 gm. (0.01 mole) of pure azlactone dissolved in 
glacial acetic acid and treated with aniline gave 2.5 to 2.7 gm. of 
anilide. 
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Reaction of Azlactones with Acetic Acid 


The difference in yield of anilide with increasing amounts of 
acetic anhydride indicates that azlactone formation involves a 
reversible reaction whose equilibrium point is greatly influenced 
by the amount of acetic anhydride present. In order to obtain 
further information on this point the reaction of azlactones with 
acetic acid was investigated. 

A solution of 2.81 gm. (0.01 mole) of benzoyl-dl-p-methoxy- 
phenylalanine azlactone in 10 ce. of glacial acetic acid was heated 
on the steam cone for 15 minutes. 5 ec. of aniline were added 
and the solution worked up as in the previous experiment. The 
yield of recrystallized anilide melting at 205-207° was only 1.2 gm.., 
as compared to a yield of 2.5 gm. with unheated azlactone. The 
original filtrate was neutralized with solid sodium hydroxide and 
extracted with ether. The ether extract was washed with a small 
amount of dilute hydrochloric acid, dried, and evaporated. The 
residue was recrystallized from water, giving a small amount of 
pure acetanilide melting at 111-113°. 

A solution of 5 gm. of benzoyl-dl-phenylalanine azlactone (5) 
in 10 ce. of glacial acetic acid was heated at 90-100° for 2 hours 
and was then placed in the ice box overnight. The precipitate 
was removed by filtration and air-dried, giving 2.84 gm. of benzoyl- 
d-phenylalanine melting at 176-182° (6). The filtrate was dis- 
tilled under reduced pressure into a flask containing 2 cc. of aniline. 
The receiving flask was then warmed on the steam cone for 5 
minutes. The solution was cooled and taken up in ether. The 
ether solution was washed with cold concentrated sodium hy- 
droxide and with cold hydrochloric acid. The ether was evapo- 
rated and the residue was recrystallized from water, giving 0.43 gm. 
of acetanilide melting at 112-113°. The residue in the distillation 
flask was extracted with hot petroleum ether and the extract was 
concentrated to a small volume and cooled in the ice box, yielding 
0.5 gm. of crude benzoyl-dl-phenyialanine azlactone. 

Similar results were obtained when the above experiment was 
repeated with benzoyl-dl-p-methoxyphenylalanine azlactone. 


Racemization of Benzoyl-l-p-M ethoryphenylalanine 


By Acetic Anhydride—Benzoy]-l-p-methoxyphenylalanine was 
tapidly racemized by the method of Bergmann and Zervas (3), 
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with amounts of acetic anhydride varying from 0.5 to 3.0 moles 
per mole of benzoyl derivative. It was also racemized readily by 
the method of du Vigneaud and Meyer (2). The benzoyl-dl-p- 
methoxyphenylalanine thus obtained melted at 173-174°2 The 
racemic benzoyl! derivative is very slightly soluble in glacial acetic 
acid, while the optically active isomer is readily soluble in both 
glacial acetic acid and 50 per cent acetic acid. 

By Benzoyl-dl-p-Methoryphenylalanine Azlactone—It was dis- 
covered, rather unexpectedly, that an azlactone will cause rapid 
racemization of the benzoyl derivative. As a preliminary experi- 
ment 0.84 gm. (0.003 mole) of azlactone was added to a solution 
of 9.0 gm. of benzoyl derivative in glacial acetic acid at room tem- 
perature. In a short time the racemic derivative began to sepa- 
rate. At the end of 12 hours the precipitate was removed, yielding 
2.7 gm. (0.009 mole) of benzoyl-dl-p-methoxyphenylalanine melt- 
ing at 173-175°. 

In order to study this reaction further, quantitative determina- 
tions were made of the rates of racemization of benzoyl-l-p- 
methoxyphenylalanine by azlactone and by acetic anhydride in 
the presence and in the absence of sodium acetate. These experi- 
ments were carried out in glacial acetic acid at room temperature, 
under which conditions the racemization proceeded at a readily 
measurable rate. In preliminary runs the acetic acid solution of 
the reactants was placed in a polarimeter tube and the rotation 
was determined at intervals. However, this method was limited 
by precipitation of the racemic derivative. The following pro- 
cedure was finally adopted in order to take advantage of the high 
rotation of benzoyl-l-p-methoxyphenylalanine in 50 per cent 
acetic acid. 

2.99 gm. (0.01 mole) of the benzoyl derivative were dissolved 
in 45 ce. of glacial acetic acid. In certain experiments 1.02 gm. 
(0.01 mole) of sodium acetate were added. The racemizing agent 
was added and the final volume was brought to 50 cc. with acetic 
acid. 5 cc. samples were removed at intervals, the first immedi- 
ately after the reactants were thoroughly mixed. The samples 
were added to 5 cc. of 0.25 nN hydrochloric acid. In those experi- 


? Dakin (7) found this compound to melt at 135-136°. Later, Lamb and 
Robson (8) reported a melting point of 173° but did not refer to Dakin’s 
work. 
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ments in which no sodium acetate was present in the acetic acid 
solution, 0.1 gm. was added to the hydrochloric acid. The 
mixtures were allowed to stand for 12 hours, the solutions were 
filtered, and the rotations were determined. Control experi- 
ments showed that no racemization of the derivative occurred 
during the 12 hours standing in the 50 per cent acetic acid solution 
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Fic. 1. Racemization of benzoyl-l-p-methoxyphenylalanine (0.01 mole) 
in glacial acetic acid by the action of: Experiment A, benzoyl-a-amino- 
crotonic acid azlactone (0.01 mole); Experiment B, acetic anhydride 
(0.01 mole); Experiment C, acetic anhydride (0.03 mole); Experiments 
D, E, F, conditions described in the text; Experiment G, acetic anhydride 
(0.01 mole) and sodium acetate (0.01 mole); Experiment H, benzoyl-dl- 
alanine azlactone (5) (0.01 mole); Experiment I, benzoyl-dl-phenylalanine 
atlactone (0.01 mole); Experiment J, benzoyl-dl-p-methoxyphenylalanine 
azlactone (0.01 mole); Experiment K, benzoyl-dl-p-methoxyphenylalanine 
azlactone (0.01 mole) and sodium acetate (0.01 mole). 


containing the racemizing agent and a small amount of sodium 
chloride and hydrochloric acid. 

Certain alterations were made in the procedure in Experiments 
D, E, and F. In Experiments D and E a solution of 0.01 mole 
of acetic anhydride and 0.01 mole of benzoyl-dl-p-methoxyphenyl- 
alanine in 50 cc. of glacial acetic acid was heated for 2 hours at 
#-100°. In Experiment F a solution of 0.01 mole of benzoyl- 
d-p-methoxyphenylalanine azlactone in 50 cc. of glacial acetic 
acid was heated similarly. 0.01 mole of benzoyl-l-p-methoxy- 
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phenylalanine was added to each of the three solutions and the 
rotations were followed in the usual manner. 
The results of these experiments are shown in Fig. 1. 


DISCUSSION 


These experiments indicate that the racemization of an acylated 
amino acid by excess acetic anhydride, in either aqueous or glacial 
acetic acid, occurs by the same mechanism and depends in each 
cease on the formation of an azlactone as the racemizing inter- 
mediate. Sodium acetate increases the rate of azlactonization 
and rate of racemization in both glacial and aqueous acetic acid, 
It seems probable, therefore, that the main réle of the sodium 
acetate consists, not in accelerating racemization of the azlactone, 
but in increasing the rate of azlactonization. In fact, in aqueous 
acetic acid the acetic anhydride reacts so rapidly with water that 
little azlactone is produced unless the rate of reaction of acetic 
anhydride with the acyl derivative is increased by the addition of 
sodium acetate. 

The racemization of an acylated amino acid by less than | 
mole of acetic anhydride may be explained by either of the 
reactions shown in Equations I and II. 


O 
I. RCH—CO.H + Ac.O = R—CH—C7 + 2AcOH 
U 
NH N 
Nc 
CO 
R’ R 


Oo 0 
Il. RCH oF + R°CH—CO.H — R—CH—CO.H + recH—cF 


oO ‘So 
N NH NH N J 
Xo% No ‘ 
co co 
a R’ R’ . 


Equation I has been postulated by Clarke (9) as a possible 
explanation of Bergmann’s “catalytic’’ racemization. The exist- 
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ence of such an equilibrium seems to be well established by our 
results. However, Equation I does not satisfactorily explain the 
racemization of benzoyl-l-p-methoxyphenylalanine by the various 
aslactones, since this racemization is much more rapid than that 
produced by an equivalent amount of acetic anhydride. It is 
very probable that this effect involves a chemical reaction between 
the azlactone and the benzoyl derivative, since the unreactive 
benzoyl-a-aminocrotonic acid azlactone causes no racemization of 
benzoyl-/-p-methoxyphenylalanine. The rapidity with which the 
racemization occurs suggests that an azlactone may be the 
racemizing intermediate, as shown in Equation II. This reaction 
(or, perhaps, a combination of the two reactions) seems to 
afford the most logical explanation of the “‘catalytic’’ racemiza- 
tion. 

In continuing this work we have discovered that certain acyl 
derivatives of l-proline and of N-methyl-d-phenylalanine are 
rapidly racemized by the action of acetic anhydride in glacial 
acetic acid. Since azlactonization is impossible in these com- 
pounds, some other intermediate is responsible for the racemiza- 
tion. The nature of the intermediate is being investigated, and 
a study is being made of the effect of variation in the acyl group 
on the rate of racemization of acylated amino acids in glacial and 
aqueous acetic acid. 

SUMMARY 


1. A study has been made of the azlactonization of benzoyl- 
a-aminocrotonic acid and of N-benzoyl-O-methyl-dl-allothreonine 
in aqueous and in glacial acetic acid. Both the cis and trans 
isomers of benzoyl-a-aminocrotonic acid azlactone are produced 
in certain of these reactions. 

2. The azlactonization and racemization of benzoyl-l-p- 
methoxyphenylalanine have been investigated. 

3. The azlactones of benzoyl-dl-p-methoxyphenylalanine, ben- 
wyl-di-phenylalanine, and benzoyl-dl-alanine cause a rapid 
racemization of benzoyl-l-p-methoxyphenylalanine in glacial 
acetic acid. 

4. Racemization of acylated amino acids by the procedure of 
du Vigneaud and Meyer (2) and of Bergmann and Zervas (3) is 
discussed in the light of these studies. 
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EFFECT OF REPEATED INSULIN HYPOGLYCEMIA ON 
THE LIPID COMPOSITION OF RABBIT TISSUES 


By LOWELL O. RANDALL 


(From the Research Service of the Worcester State Hospital, Worcester) 
(Received for publication, November 25, 1939) 


The wide usage of large hypoglycemic doses of insulin as a 
therapeutic agent in the treatment of psychoses prompted the 
study of the effects of such treatment on the lipid composition of 
tissues, particularly of the brain, in experimental animals. A\l- 
though it is generally recognized that the brain utilizes only car- 
bohydrate for energy under normal conditions, while other tissues 
have the ability to oxidize fat, it is not known what the brain 
uses for energy during prolonged hypoglycemia when the carbo- 
hydrate reserves are exhausted. On the basis of a wide-spread 
destruction of brain cells which was accompanied by a movement 
of water and potassium out of the cells, Yannet (1) postulated 
that some of the brain cells die when the carbohydrate reserves 
of nervous tissue are exhausted during prolonged insulin hypo- 
glycemia. 

It has been conclusively demonstrated that the metabolism of 
phospholipid in the brain is an extremely slow process (2), in- 
dieating that phospholipid has a structural rather than a meta- 
bolic significance. Under normal conditions phospholipid and 
probably cholesterol are apparently replaced only as the result of 
the process of wear and tear of the tissue. We wished to study the 
effects of abnormal metabolism such as must occur under insulin 
hypoglycemia on the lipid composition of the brain. We have 
included the adrenal glands, which are known to hypertrophy 
under the influence of insulin (3). We were further interested 
in possible changes in the liver, kidney, spleen, and muscle. 


Methods 


The control and experimental rabbits matched for age and 
weight were kept for similar periods of time on the same vege- 
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table diet. The experimental animals were given a convulsive 
dose (3 to 10 units per kilo) daily. After an animal had several 
severe convulsions, it was given 25 cc. of 50 per cent sugar solu- 
tion by stomach tube. During the period of treatment, the ani- 
mals received 300 to 600 units of insulin and had fifteen to thirty 
convulsions. All of the experimental animals died in convulsion 
and the controls were killed with ether. 

Weighed samples of the various tissues were extracted repeatedly 
with boiling alcohol and ether. Duplicate aliquots of the ex- 
tract were used for lipid determinations. Phospholipid was de- 
termined by Bloor’s method (4). Acetone-soluble lipid was 
oxidized directly after evaporation of the solvent and calculated 
according to Bloor’s method for total fatty acid plus cholesterol 
(5). Free cholesterol was precipitated as the digitonide from the 
acetone-soluble fraction in a mixture of 1 cc. of 1 per cent digito- 
nin in alcohol, 1 cc. of aleohol, 2 cc. of acetone, 2 cc. of water, and 
3 drops of 5 per cent HCl. After standing for 24 hours, the 
digitonide was centrifuged, washed with hot water, acetone, and 
ether, transferred to oxidation flasks, and oxidized by the Okey 
procedure (6). In the case of the adrenal glands, total cholesterol 
was saponified in centrifuge tubes according to the method of 
Sperry and Stoyanoff (7). After acidification with HCl, the 
procedure followed that for free cholesterol. Neutral fat in the 
adrenal glands was calculated as total acetone-soluble fat minus 
total cholesterol minus 67 per cent of cholesterol esters. Total 
lipid was taken as the sum of phospholipid and acetone-soluble 
lipid. 

Fisher’s ¢ value (8) was used for the statistical appraisal of the 
data. 

XxX,  @ X: 
Ni +N: | sx “| epee aad 


i= r 


f — — —— + SXj — 
4 NiNAN: + Nz — 2) N, N; 


If the probability attaching to ¢ was not greater than 0.05, we 
designated the difference as significant and, if 0.01 or less, as 
highly significant. 

Results 

The mean values together with the pertinent statistical criteria 

for the lipid fractions of the various tissues of the seventeen 
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control and seventeen insulin-treated rabbits are recorded in 
Tables [and Il. From Table I it may be observed that phospho- 
lipid in the insulin-treated animals is significantly lower in the 
nervous tissues, with the exception of the midbrain, than in the 
controls, while it is not different in the other tissues.'. No signifi- 
eant differences in the mean cholesterol values were observed in 
any of the tissues. The acetone-soluble lipid, which includes 
cholesterol and neutral fat, is significantly lower in the whole 
brain, hemisphere, and pons; it is not different in the midbrain, 
cervical and thoracic cord, spleen, and muscle; and it is higher in 
the liver and kidney of the insulin-treated than in the control 
animals. Since the free cholesterol does not show significant dif- 
ferences between control and experimental animals and cholesterol 
esters are usually present in relatively unimportant amounts, it is 
considered that the changes in the acetone-soluble lipid fraction 
are due to variations in neutral fat. Therefore neutral fat must 
be decreased in the brain and increased in the liver and kidney of 
the experimental animals. The mean values for total lipid in the 
treated animals are significantly lower in the nervous tissues, with 
the possible exception of the midbrain; they are not different in 
the liver, muscle, and spleen; and they are higher in the kidney. 

The statistically significant differences between the mean values 
of the various lipid fractions of insulin-treated and control animals 
are admittedly small. However, on the assumption that the 
samples are random, a real difference is indicated when the prob- 
abilities attaching to the differences are less than one in a hundred. 
Furthermore, the consistency of the differences in mean values 
in the various nervous tissues indicates that real differences have 
been demonstrated. 

From Table II it may be observed that when calculated on the 
basis of moist weight cholesterol esters are significantly lower, 
while neutral fat is significantly higher in the adrenals in the 
insulin-treated than in the control animals. The mean values 
for phospholipid, free cholesterol, and total lipid are not signifi- 
cantly different. The changes in cholesterol este . are emphasized 
further by the significant rise in the phospholipid-total cholesterol 
ratio and the ester cholesterol-free cholesterol ratio. 


'The values on whole brain were calculated from the weights and per- 
centage composition of the parts; i.e., hemisphere, midbrain, and pons. 
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TABLE II 


Mean Values and Statistical Criteria of Lipids in Adrenals of Seventeen 
Control and Seventeen Insulin-Treated Rabbits 


Be | 2 
Cholesterol i = 3s = 
: ae ee) 
Phospholipid - r) | ¢ om 
108s p hol pic | E = a3 t4 a. 
Total Free Ester | & = 5. ad : t £ E 
Zz = Bi | lm < 
In per cent of moist adrenal weight 
C. | Mean 3.57, 6.30| 0.80 5.50 5.82 19.26 0.59 7.09213 
S.D. 0.33) 1.42) 0.22) 1.22; 2.93) 4.46 0.15) 1.02) 48 
I. Mean 3.64, 4.09 0.69 3.40 10.35 20.35 0.95 5.33/355 
S.D. 0.45, 0.97; 0.23) 0.86; 4.38) 3.70 0.28 1.77) 86 * 
t 0.52} 5.42) 1.51; 5.95) 3.74 0.80) 5.00| 5.60 6.36 
P >0.05 <0.01/>0.05,<0.01 <0.01 >0.05 <0.01 <0.01'<0.01 


In mg. per kilo body weight 


C. | Mean 3.52, 5.88) 0.75, 5.18) 5.69 18.46 94 

S.D. 1.21; 2.27) 0.30; 1.92) 3.81| 7.73 28 

I. Mean 5.43 6.20) 0.96 5.14 16.34) 32.04 150 

8.D. 1.64 1.99 0.41) 1.59 9.10 12.90 37 
4.06 0.45) 1.79 0.07 4.78 3.95 


t 
P <0.01 >0.05) >0.05) >0.05 <0.01)<0.01 
C. = control; I. = insulin-treated. 


TaBie III 
Statistical Analysis of Data from Page et Al. (9) Mean Values, in Per Cent 
of Moist Weight, for Lipids of Eleven Normal and Ten Insulin- 
Treated Rabbits 


Phospholipid Cholesterol Total lipid 
Mean &.D. t Mean &.D. t Mean 8.D. t 
Brain C. | 6.05 | 0.42 ~ 2.02 | 0.30 , 7.73 | 0.75 . 
“3 wt + 
t. | 6.36 | 0.35 | 1°88") 9 33 | 0.93 | 9-98"! 7.34 | 9.94) 1° 
liver | C. | 2.90 | 0.45 | 0.33 | 0.67 ne! 3-28 | 0.48] . 
1. | 2.98 | 0.37 | 9-48"! 9-32 | 0.05 | 9-®"| 3.17 | 0.26) 9 
Kidney CC. | 2.65 | 0.18 ,| 0.45 | 0.13 | . ¢,,| 3.46 | 0.34 
2. o7* 
1. | 2.57 | 0.13 | 18" 9.58 | 0.08 | 7: 3.44 | 0.54) ° 


C. = control; 


*P = >0.05. 


insulin-treated. 


tP = >0.01 < 0.05. 
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Since there is a significant increase in the adrenal weights jn 
the experimental animals, it is desirable to calculate the results 
on the basis of mg. per kilo of body weight, which eliminates the 
variation in percentage composition due to variation in organ 
weight. It is apparent that the results are decidedly different, 
Whereas phospholipid is now significantly higher in the adrenals 
of treated animals, total and ester cholesterol are not different, 
while the differences in neutral fat and total lipid are exaggerated, 

DISCUSSION 

In Table III is presented a statistical analysis of data from 
Page et al. (9). It includes the means and statistical criteria of 
the lipids of organs obtained from eleven normal and ten insulin- 
treated rabbits. The treated animals were given a single fatal 
dose of insulin. It is apparent that the single dose of insulin had 
no significant effect on the lipids of the brain and liver, while in 
the kidney only the cholesterol is apparently increased. 

Our results indicate that after repeated insulin convulsions the 
brain and spinal cord lose phospholipid and perhaps neutral fat, 
while cholesterol remains unchanged. From the fact that a single 
convulsive attack is unable to affect brain phospholipid signifi- 
cantly it appears unlikely that the brain is able to use this fat 
for energy metabolism. The histological evidence, reviewed by 
Weil, Liebert, and Heilbrunn (10), indicates an extensive destruc- 
tion of brain cells in repeated hypoglycemic treatment. The dis- 
integration of the nerve fibers following the death of the nerve 
cells probably accounts for the loss of phospholipid in nervous 
tissue. The split-products of the phospholipid and the neutral 
fat are likely carried away by the blood stream. It is difficult to 
account for the fact that cholesterol does not disappear at the 
same time. In degenerating peripheral nerves, it was found that 
phospholipid and cholesterol disappeared at the same rate (11), 
while neutral fat increased. It is possible that the central nervous 
system has a mechanism for removing fatty acids as neutral fat 
but is unable to remove cholesterol. 

There exists considerable doubt concerning the changes which 
insulin, in single injections, may produce on the fat content of 
skeletal muscles and internal organs. According to Theis (12) 
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| the injection of a single lethal dose of insulin produces a decrease 


in the phospholipid and a proportionate increase in the neutral 
fat content of the liver; this is denied by MacLachlan (13) and 
Page et al. (9). Roper and Smith (14) observed a slight rise in 
liver fat, while Omura and Nitta (15) observed a fall. In addi- 
tion, the former authors observed a rise in muscle fat; the latter 
also found a rise in muscle fat as well as an increase in heart and 
kidney fat. Page et al. (9) found no changes in the lipids of the 
heart and only a possible increase in kidney cholesterol. 

In chronic hypoglycemic treatments over a period of days 
Theis (12) observed an increase in neutral fat and a decrease in 
phospholipid, similar to that which was found in acute experi- 
ments on liver fat. Our results confirm this shift in so far as the 
change in neutral fat content of the liver is significant but the 
sight lowering in the mean values for phospholipid is probably 
insignificant. Our results further indicate a rise in neutral fat 
content of the kidney but no changes in spleen or muscle. 

So far as the author is aware, the effect of insulin on the lipid 
content of the adrenal glands has not heretofore been studied. 
In 1924, Riddle et al. (3) observed that insulin convulsive treat- 
ments produced an hypertrophy of the adrenal glands, a finding 
which we have confirmed. In the hypertrophied organ we have 
found a decrease in the cholesterol esters, when calculated as per 
ent of moist weight, while the absolute amount of cholesterol 
eters remains unchanged. The content of free cholesterol re- 
mains unchanged in either case. These results indicate that 
cholesterol and its esters are not concerned with adrenal hyper- 
trophy. However, Anderson and Sperry (16) found that choles- 
terol esters were decreased in both percentage and absolute 
amounts in the hypertrophied organs of spayed, pregnant, and 
parturient rats. 

The increase in the absolute amounts of phospholipid in the 
hypertrophied organs indicates that this substance is concerned 
with the hypertrophying process. It is probable that as the 
adrenals hypertrophy phospholipid is synthesized in situ in the 
newly formed cells. The increased content of neutral fat is prob- 
ably part of the mechanism for providing the fatty acids essential 
for phospholipid synthesis. 
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SUMMARY 

Repeated insulin hypoglycemia convulsions were induced jn 
seventeen rabbits. Seventeen untreated rabbits served as con- 
trols. The brain, liver, kidney, spleen muscle, and adrenals were 
analyzed for lipids. The insulin treatments produced a small but 
statistically significant decrease in the phospholipid and neutral 
fat content of nervous tissues but no change in cholesterol. 

Phospholipid and cholesterol were not significantly affected in 
the liver, kidney, spleen, and muscle. Neutral fat was increased 
significantly in the liver and kidney only. 

The adrenal glands were hypertrophied. In these glands the 
absolute amounts of phospholipid and neutral fat were increased, 
while free and ester cholesterol remained constant. On a per- 
centage basis the amounts of phospholipid and free cholesterol 
remained constant; the ester cholesterol was decreased and neutral 
fat increased. 
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EFFECT OF TESTOSTERONE ON SERUM LIPIDS IN 
SCHIZOPHRENIA 


By LOWELL O. RANDALL 


(From the Research Service of the Worcester State Hospital, Worcester) 
(Received for publication, November 25, 1939) 


The relationship of male sex hormones to lipid metabolism has 
not been conclusively demonstrated. Whereas Blinoff (1) found 
no significant changes in the blood cholesterol values of dogs 
before and after castration, Kochakian et al. (2) found that the 
plasma lipids paralleled the nutritive state of castrates; fat cast- 
rates had high values, while thin castrates had normal values. 

McCullagh, McCullagh, and Hicken (3) observed a common 
tendency to a fall in the level of blood cholesterol during a period 
of injection of androgenic urinary extracts into hypogonadal 
and eunuchoid subjects. This tendency was more pronounced 
in fat eunuchs who had extremely high blood cholesterol values. 
However, Kochakian et al. (2) state that no noteworthy change 
occurred in the plasma lipids of a normal dog, a thin castrate, 
or a fat castrate following the daily injection of as much as 60 
mg. of androstenedione for 3 days. Likewise, in two castrate 
dogs testosterone oxime and testosterone benzoate, injected for a 
period of 2 days, had no significant immediate or delayed effect 
on plasma lipids. 

As a part of a larger program on the therapeutic use of the male 
sex hormone, testosterone propionate, and its effects on many 
physiological variables on schizophrenic subjects, we have studied 
the effects of repeated injection of testosterone in oil on the 
serum lipids of patients. As control studies the variation in 
serum lipids of a series of patients treated with comparable 
amounts of sesame oil were followed. The studies of the effects 
of testosterone on normal subjects are being carried out and will 
be presented in a subsequent paper. 
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Methods 


25 mg. of testosterone propionate, dissolved in 1 cc. of sesame 
oil, were injected three times a week for a period of 3 weeks into 
a series of nine schizophrenic subjects. Similar amounts of 
sesame oil were injected into another series of ten schizophrenic 
subjects. 

Blood samples were taken on the testosterone-treated subjects 
at weekly intervals for 2 weeks preceding treatment, for 3 weeks 
during treatment, and for 1 week following treatment. In the 
oil control series, two samples were taken before and two during 
treatment at weekly intervals. The serum lipids were analyzed 
by methods previously described (4). 


Results 


The effects on serum lipids of 3 weeks treatment of nine schizo- 
phrenic subjects with testosterone propionate are presented in 
Table I. The means presented show a statistically significant 
upward shift in the various lipid fractions during the period of 
treatment, followed by a return toward the initial level after 
treatment.' Although there is considerable individual variation, 
the trend in lipid values is usually upward during the period of 
treatment, with the maximum in the 3rd week. The trend is 
usually downward toward the initial level in the Ist week fol- 
lowing treatment. 

Table II contains the means and standard errors of the lipids 
of the ten schizophrenic subjects treated with sesame oil. It is 
readily apparent that there is no significant shift in any of the 
lipid fractions. Thus the oil menstruum could not account for 
the changes noted in the testosterone-treated series. 

! The data were tested by Fisher’s analysis of variance. The F ratios 
were formed from 

Between means of period variance 
Interaction variance _ 
where the variance between means of periods measures the scatter not of 
single readings but of the average reading of periods around the group 
mean, and the interaction variance measures the variation not ascribable 
to the individuals or to the periods. The P values corresponding to the F 
ratios were taken from Snedecor’s tables. If Py is less than 0.05, we call 
the means significantly different; if Py is less than 0.01, this difference 
between the period means is highly significant. 
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TaBLeE I 
Means and Standard Errors of Serum Lipids of Nine Schizophrenic Subjects 
Treated with Testosterone 
The mean values are given in mg. per cent. The + figure represents 


the standard error = s /n — 1 where s = V/ (2(2 — #)?)/(m — 1). 








Postmed- 


Premedication Medication ication 





Ist wk. | 2ndwk. | Ist wk. | 2Indwk. | 3rd wk. | Ist wk. 


Mean Mean Mean Mean Mean | Mean 
Phospholipid* 186 184 202 203 224 186 
+8.25) +7.36 +9.93 +7.57) +8.29| +4.04 
Total cholesterol* 172 174 186 188 198 169 
+5.86 +4.86 +8.68) +7.89| +6.00| +7.25 
Free cholesterol* 50 52 54 54 5 =| «248 
$1.71 +1.61) 43.21) +1.96) +1.96) +2.18 
Ester cholesterol* 122 122 132 134 141 | 121 
+4.57/ +3.89) 45.93) +6.04) +3.61) +5.29 
Neutral fatt 113 108 132 137 151 | 106 
+10.71; 413.50; 412.36, +9.57 412.04) +13.07 
Total lipid* 555 548 608 620 658 529 


+19.79 421.46) 430.32) +25.64) +20.64) +19.11 





All trends of the above values are significant (<0.01) except for neutral 
fat which falls between 0.05 and 0.01 (still significant). 
*P, < 0.01. 
t Pr < 0.05 > 0.01. 
TaBLe II 
Means and Standard Errors of Serum Lipids in Ten Schizophrenic Subjects 
Treated with Sesame Oil 


The mean values are given in mg. per cent. 


Premedication Medication 


n= 10 ist wk. and wk. met. | onde 

Mean an. Mean om Mean “.. ion om 
Phospholipid 193 + 4.33/ 192+ 3.87/ 193+ 3.27| 193+ 3.70 
Total cholesterol... 176 + 6.07) 176+ 5.60! 174+ 5.80!175+4 5.57 
Free - ‘ 50+ 1.68) 522 1.909) 49+ 2.10} 4924 1.97 
Ester ius .. 1264 4.97' 124+ 4.10) 1254 4.23 | 125+ 3.93 
Neutral fat 118+ 9.20) 120 + 10.43 | 116 + 10.77 | 105 + 10.73 
Total lipid 570 + 16.60 572 + 18.27 | 567 + 16.77 | 555 + 18.60 








None of the above trends is significant; all give Py > 0.05. 
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DISCUSSION 


The continuous rise in the serum lipid values in the schigo- 
phrenic subjects during the 3 weeks of treatment together with 
the absence of change in sesame oil-treated subjects indicates some 
real effect of testosterone in the patients. However, the results of 
Kochakian ef al. (2) on normal and castrate dogs indicate that 
a short period of treatment with male sex hormone has no effect 
on blood lipids. Previous results (4) on schizophrenic subjects, 
pointing to a low lipid level and a return toward the normal level 
during prolonged insulin treatment, were considered to afford 
evidence of an abnormal lipid metabolism in the schizophrenic 
subject. The present results with testosterone treatment indi- 
cate that the sex hormones may play a part in the maintenance 
of a normal lipid metabolism. The fact that a certain proportion 
of castrated animals becomes fat, while others remain thin, in- 
dicates that fat metabolism has been disturbed in some of the 
animals at least. Furthermore, sex hormones are apparently 
necessary for the maintenance of the normal weight and histo- 
logical structure of the adrenal, pituitary, and thyroid glands (5). 
It is possible that the male sex hormone raises the abnormally low 
lipid values in the schizophrenic subjects by an indirect action on 
other glands of internal secretion. 


SUMMARY 


The injection of testosterone propionate during a period of 3 
weeks into nine schizophrenic subjects produced a continuous rise 
in serum lipids followed by a return toward the initial level after 
medication. Sesame oil injections had no significant effect in 
ten subjects. 


We acknowledge our indebtedness to the Schering Corporation 
for the testosterone propionate used; this was supplied through 
Dr. R. G. Hoskins. 
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THE ACTION OF PAPAIN AND TRYPSIN ON CERTAIN 
DEHYDROGENASES 


By FREDERICK BERNHEIM 


(From the Department of Physiology and Pharmacology, Duke University 
School of Medicine, Durham, North Carolina) 


(Received for publication, December 9, 1939) 


Tissue suspensions of dehydrogenases often rapidly lose their 
activity. This loss may be caused by the action of proteolytic 
enzymes. To test this possibility the effect of trypsin and 
papain on the dehydrogenases was studied. Tissue preparations 
containing several dehydrogenases and very little proteinase were 
used. The results showed that the added proteinases attacked 
some dehydrogenases much more rapidly than others. 


EXPERIMENTAL 

The liver and kidney of the rat were used as the source of the 
dehydrogenases. 10 gm. of liver or 3 gm. of kidney were chopped 
with scissors, ground with sand and water, and squeezed through 
muslin. The suspensions were then adjusted to pH 6.6 by the 
addition of a small amount of acetic acid, made up to 50 ec. with 
water, and centrifuged. The liquid was discarded and the solid 
was suspended in another 50 ec. of water and acidified and centri- 
fuged again. This was done twice for the kidney and three times 
for the liver. In both cases the liquid after final centrifugation 
contained only traces of hemoglobin. Further washings had no 
effect on the results, so that changes in the oxidation rate of 
p-phenylenediamine, which was used to measure the activity of 
the cytochrome-cytochrome oxidase system, were not due to 
changes in the hemoglobin, which according to Elliott and Meigs 
(1) can also oxidize the amine. After the final washing the solid 
was suspended in 0.05 m phosphate buffer at either pH 6.7 for 
the action of papain or pH 7.6 for the action of trypsin. This 
amount of phosphate buffer did not interfere with the formol 

141 

















142 Dehydrogenases 


titration which was carried out at intervals concurrently with 
testing the activity of the dehydrogenases in the Warburg ap- 
paratus. The tissue preparations alone showed no oxygen uptake, 

The papain was a preparation from Eimer and Amend labeled 
papayotin and the trypsin was pancreatin from Merck which also 
contained amylase and lipase. The enzymes were added to the 
tissue preparations, so that the final concentration was 1.0 mg. 
per cc. Immediately after mixing an aliquot was taken for the 
formol titration and for measuring the oxidation rate. The 
amount of inactivation was proportional to the amount of hy- 
drolysis. 

The preparations with and without papain or trypsin were 
incubated at 40° in flasks open to the air. No preservative was 
necessary and the papain was used without cyanide. Inactiva- 
tion of the dehydrogenases was complete in 50 to 100 minutes, 
depending on the relative concentrations of tissue and proteinase. 
The control kept its initial activity for 250 to 350 minutes with the 
exception that the oxidation rate of p-phenylenediamine fell off 
gradually after 100 minutes. The final disappearance of activity 
in the control was not due to oxidation of —SH groups. 

In the liver, the succinoxidase, cytochrome-cytochrome oxi- 
dase system, the choline oxidase, and the amine oxidase were 
studied; in the kidney, only the first two and the d-amino acid 
oxidase. Experiments on the succinoxidase and cytochrome sys- 
tem in heart and brain showed exactly similar results. 0.5 ce. 
of the tissue preparation after incubation for various times with 
and without the proteinases was added to 1.3 cc. of buffer, pH 
7.8, in the Warburg vessels and after temperature equilibration 
0.2 cc. of the substrate containing 2.0 mg. was added. Readings 
were then taken 10, 20, and 30 minutes after the addition of the 
substrate. The 20 minute readings of the control are designated 
100 per cent, and in Table I the 20 minute readings in the presence 
of the proteinases are given in percentages of this value. The 
formol titration results are given in cc. of 0.02 N sodium hydroxide. 

Table I shows the following facts. Trypsin inactivates the 
dehydrogenases at lower formol titration values than papain. 
The d-amino acid oxidase and the amine oxidase are inactivated 
more slowly than the other enzymes. The succinoxidase activity 
disappears more rapidly with trypsin than papain, although the 
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ate of inactivation of the cytochrome system is the same with 
the two proteinases. Experiments with methylene blue at cor- 
sponding times show that trypsin has not inactivated the dehy- 
drogenase part of the succinoxidase system, whereas papain has 
caused some inactivation. These results indicate that some other 








protein is essential for the utilization of oxygen by the suecinoxi- 
dase. Recent results by Stern and Melnick (2) and Hopkins, 
lutwak-Mann, and Morgan (3) also indicate that this may be 
the case. Similar experiments suggest that this is also true for 
the choline oxidase. 

TABLE I 


Bffect of Incubation with Papain at pH 6.7 and Trypsin at pH 7.6 on Activity 
of Certain Dehydrogenases in Rat Liver and Kidney 


Formol 
NaOH 
min. per cent ce. 
Liver 

Suecinoxidase Papain 65 75 0.81 
Trypsin 65 29 0.65 
Cytochrome oxidase Papain 65 68 0.81 
Trypsin 65 59 0.65 
Choline oxidase Papain 65 70 0.81 
Trypsin 65 48 0.65 
Amine oxidase Papain 80 85 0.90 

Kidney 
Succinoxidase _ 35 35 0.62 
Trypsin 35 6 0.38 
Cytochrome oxidase Papain 35 4] 0.62 
Trypsin 35 40 0.38 
d-Amino acid oxidase Papain 40 86 0.70 
Trypsin 40 78 0.42 


DISCUSSION 


Certain proteins present in the tissue preparations used are 
very sensitive to the action of papain and trypsin, even though 
neither enzyme was used at its optimum pH and the papain was 
used without cyanide. Inactivation of the succinoxidase in 
particular occurred in 60 to 90 minutes, when the formol titration 
values were only about 20 per cent of the values reached if the 
hydrolysis was allowed to proceed for 24 hours. This indicates 
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that certain essential proteins are very sensitive to hydrolytic 
activity and are inactivated when hydrolysis has proceeded only 
to a small degree. 


SUMMARY 


1. The action of papain and trypsin on the succinoxidase, 
cytochrome-cytochrome oxidase system, choline oxidase, d-amino 
acid oxidase, and amine oxidase of rat liver and kidney has been 
studied. 

2. The amine oxidase and the d-amino acid oxidase are inacti- 
vated much more slowly than the others by both proteinases. 

3. The oxygen uptake but not the methylene blue reduction by 
the succinoxidase is inactivated more rapidly by trypsin than 
papain. 

4. The cytochrome oxidase system is inactivated more slowly 
than the succinoxidase by the proteinases. 

5. The succinoxidase and choline oxidase are inactivated at 
about the same rate. 
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THE DISTRIBUTION OF WATER AND ELECTROLYTES 
IN THE BLOOD OF DOLPHINS (TURSIOPS 
TRUNCATUS)* 


By LILLIAN EICHELBERGER, E. 8. FETCHER, Jr., 
E. M. K. GEILING, anv B. J. VOS, Jr.t 
(From the Lasker Foundation for Medical Research and the Departments of 
Medicine, Pharmacology, and Physiology of the 
University of Chicago, Chicago) 


(Received for publication, December 26, 1939) 


The purpose of this paper is (1) to present data obtained from 
the analyses of whole blood and serum of dolphins; (2) to utilize 
these data to determine the distribution of water and electrolytes 
between the cells and the serum; and (3) to offer a comparison of 
these results with similar findings for dog and human blood. 

Although great numbers of cetaceans (whales and dolphins) 
have been sacrificed for commercial purposes, little scientific infor- 
mation is available concerning the biology of this unique order. 
Particularly, the recorded analytical data for blood and tissues 
are scanty and for the most part unreliable, because of the difficulty 
of securing uncontaminated samples from living animals. Of the 
reports found in the literature, in only two instances was the blood 
taken from living animals (1, 2); the other reports were based on 
analyses of specimens obtained post mortem, mostly from the 
larger whales (3). There is no need to emphasize the difficulty 
of obtaining blood samples from large whales. The unavoidable 
lapse of time between the killing of these animals and the collection 
of the samples is sufficient to allow significant changes to take 
place in the blood; furthermore, there is great likelihood of con- 


* Part of the expense of this project was defrayed from a grant-in-aid 
of the Committee on Research in Endocrinology of the National Research 
Council and from the Biological Grant from the Rockefeller Foundation 
to the University of Chicago. 

t The authors are listed alphabetically because the work was carried 
out by them as a group. 
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tamination with sea water and body fluids. In view of the increas. 
ing interest in the biology of the cetaceans, it is important to haye 
recorded analytical data obtained under controlled conditions. 


Physiological Methods 


During the summer of 1939 we were enabled to secure live 
specimens of bottle-nose dolphins (T'ursiops truncatus)! 

From six bottle-nose dolphins six blood samples were taken 
under oil by heart puncture, with the animals out of water. Four 
of these samples were taken from unanesthetized animals and two 
were taken from animals anesthetized by the intraperitoneal injec- 
tion of sodium phenobarbital.? One-half of the sample was imme- 
diately centrifuged under oil; the other half was defibrinated. The 
pH, carbon dioxide content, blood cell volume, and osmotic pres- 
sure were determined at the base laboratory, while the samples 
of serum and defibrinated blood were shipped to Chicago for 
complete analyses. 

The blood samples were placed for shipment in unbreakable 
cellulose nitrate containers* of about 80 cc. capacity. The sample 
was cooled to approximately 5° in the plastic vial, which was 
covered with a rubber cap and sealed with adhesive tape. The 
vial was placed, tightly cushioned with rubber stoppers and cotton, 
in a precooled wide mouth thermos jar of pint capacity. The 
space between the vial and the jar was filled with crushed ice; the 
jar was then stoppered, packed in a corrugated carton, and shipped 
immediately by Air Express. Plastic containers were used in 
preference to glass to eliminate breakage in transit. The samples 


1 The collection of this material, as well as of a number of tissues, glands, 
and body fluids, was made possible through the whole-hearted cooperation 
of the scientific and technical staffs of the Marine Studios, Marineland, 
St. Augustine, Florida. The location of the Marine Studios is ideal for 
the capture of dolphins; the trained personnel handles these animals with- 
out injuring or unduly exciting them. The efficient service of the Eastern 
Air Lines and the Air Express of the Railway Express Agency was an indis- 
pensable link in the transportation of the samples from St. Augustine or 
Jacksonville to the laboratories in Chicago. 

? All the animals so anesthetized died of respiratory failure within | hour 
after injection, even if only partially anesthetized with minimal doses of 
the drug. 

’ Obtained from Ivan Sorvall, 210 Fifth Avenue, New York. 
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reached the Chicago laboratories within 18 or 20 hours of the time 
of collection, cold and in excellent condition. 


Chemical Methods 


All serum and blood analyses were made in duplicate. In 
order to obtain the most accurate results the composition of the 
red blood cells was determined from the analyses of the whole 
blood and the serum, and the accompanying measurement of cell 
yolume. The following determinations were made on the serum: 
pH, total CO, water, chloride, protein, albumin, globulin, sodium, 
potassium, calcium, magnesium, inorganic phosphorus, and os- 
motic pressure. On the whole defibrinated blood, determinations 
were made of cell volume, water, chloride, sodium, and potassium. 
In some of the experiments the whole blood was also analyzed for 
magnesium and oxygen capacity. 

The pH of the serum was determined by an anaerobic glass 
dectrode. Carbon dioxide content and oxygen capacity were 
measured with the Van Slyke and Neill manometric gas appa- 
ratus (4). Chlorides were determined by the wet ashing method 
of Van Slyke (5) with the Wilson and Ball modification (6); water, 
by weighing 2 cc. aliquots before and after drying to constant 
weight in platinum crucibles in a 100° oven; and inorganic phos- 
phorus, by the Fiske and Subbarow method (7). 

Proteins were determined by the micro-Kjeldah! method of 
Campbell and Hanna (8), the distillation of ammonia being carried 
out in the Goebel modification of the Pregl micro-Kjeldahl distilla- 
tion apparatus (9). The proteins were estimated by multiplying 
by 6.25 the total nitrogen corrected for non-protein nitrogen (10). 
The albumin and globulin were determined by the method of 
Campbell and Hanna (11). 

Sodium and potassium were determined by the methods of But- 
ler and Tuthill (12) and Shohl and Bennett (13), respectively, with 
modifications which have already been described (14). Calcium 
determinations were made by the method of Kramer and Tis- 
dall (15) as modified by Clark and Collip (16), and magnesium by 
the method of Denis (17) with modifications which have been 
reported in a previous paper (18). The amount of magnesium 
was estimated from the colorimetric determination of phosphate 
by the method of Fiske and Subbarow (7). 
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TABLE Il 
Concentration of Water and Electrolytes in Serum and Cells 
Calculated from the data of Table I. The units are expressed per liter. 
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Dolphin No. H.O cl Na x | Me 
: Anesthetized dolphins 
oaty gm. m.eq. m.eq. m.eq. a 
2 Serum 918.2 125.4 164.7 4.08 
Cells 705 82.6 26.9 83.4 
4 Serum 919.0 113.3 160.9 5.43 
Cells 707 72.6 14.2 98 .2 
a Unanesthetized dolphins 
1 Serum 930.3 115.3 155.4 4.03 
Cells 700 63.5 13.4 96.5 
3 Serum 926.3 105.1 149.1 3.52 
Cells 685 48.2 15.8 94.8 
5 Serum 924.7 107.5 154.0 5.00 2.12 
Cells 705 59.0 15.8 102.8 8.02 
6 Serum 928.5 112.3 154.6 4.71 2.18 
Cells 700 59.3 7.7 103.5 11.65 
Mean* Serum 927.4 110.2 153.3 4.32 2.15 
. = 2.2 4.0 2.4 0.59 0.03 
Mean Cells 698 57.5 13.2 99.4 9.83 
a... 7.5 5.6 3.3 3.8 1.8 
10 normal dogs (Eichelberger, unpublished data) 
Mean Serum 937.9 108.5 145.4 4.00 
3.1 4.1 4.1 0.62 
Mean. Cells 827 .2 62.3 93.9 9.37 
¢. 0.8 6.4 7.7 1.1 
10 humans (Hald and Eisenman (20)) 
Mean Serum 937.3 102.5¢ | 135.5 4.29 
o.. 1.8 1.0 2.6 0.50 
Mean Cells 404.8 17.7 81.8 
dais « 3.6 4.3 5.0 


* Mean for the four unanesthetized animals only. 


t Chloride from data of Hastings et al. (21). 


Osmotic pressure was determined with a modified Baldes ther- 
mocouple (19). The difference was found between the vapor 
pressures of the sample and of a solution of a known concentration 
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of sodium chloride, measured at 37.5° in an atmosphere of 95:5, 
O2:CO:; and the osmotic pressures were expressed in terms of the 
molality of sodium chloride equivalent to the vapor pressure of 
the sample, corrected for oxygen and carbon dioxide solubilities. 


Results 


In Table I are given experimental results from two groups of 
animals: (1) those anesthetized with sodium phenobarbital (Dol- 
phins 2 and 4) and (2) those which were unanesthetized (Dolphins 
1, 3, 5, and 6). 

It will be observed that all values for both serum and whole 
blood of the unanesthetized dolphins were notably constant, and 
that the variations of the water content and the concentrations of 
inorganic constituents of the whole blood were not significantly 
different from the variations of the same constituents of serum. 

From the analytical data given in Table I the distribution of 
water and electrolytes in the red cells has been calculated; the 
calculations are presented in Table II. It will be noted that while 
the range of variation of water and electrolyte concentrations in 
the serum of the unanesthetized animals was relatively small, this 
was not true for the cells. The total base of the red cell was 
composed principally of potassium and sodium, the potassium 
value being 99.4 mm, +3.8, and the sodium value being 13.2 mm, 
+3.3. The high value for sodium in the serum (153.3 mm, +2.4) 
is decisively different from that found for land mammals. 


DISCUSSION 


The analytical data presented in this paper were obtained with 
blood from live animals under conditions which precluded con- 
tamination or postmortem changes. Previously recorded data 
secured in the study of dead whales are not comparable to our 
results. The only figures comparable with ours are those reported 
by Green and Redfield (2) for the oxygen capacity of blood and 
the carbon dioxide content of serum from one living porpoise 
(Phocaena phocaena). Their value for oxygen capacity (22.18 
volumes per cent) is similar to ours (19.1 volumes per cent); and 
their value for carbon dioxide content (45 volumes per cent, or 
20.21 mm) is lower than the value of 30.9 mm per liter that we 
obtained for unanesthetized dolphins. a 
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Except for the high values for sodium and the low albumin to 
globulin ratios, the values for the inorganic cations and all other 
constituents in the dolphin serum agree within experimental limits 
with those for dog serum (Table 1). This similarity, however, 
does not hold for the red cells. The total base of the red cells of 
the dolphin is composed mainly of potassium, while in the red 
cells of the dog (Table IT) it is chiefly sodium; the red cells of the 
dolphin thus more nearly resemble those of man. It is to be 
noted that the potassium concentration in the dolphin red cells 
iseven higher than that in human red cells (Table II). The serum 
osmotic pressures were higher for the dolphin than for man, for 
Margaria gives a value for the latter of 158.6 mm of sodium chlo- 
ride per liter of water (22). 

These findings suggest that the blood system of the bottle-nosed 
dolphin is not appreciably different from that of terrestrial mam- 
mals. In this respect the adaptation which these animals have 
undergone is less pronounced than the structural changes which 
the cetaceans underwent in order to make their existence compati- 
ble with an aquatic environment (23). Further experimentation 
must be carried out before it can be decided whether this state- 
ment is tenable for other cetaceans and aquatic mammals. 


SUMMARY 


The concentrations of water and electrolytes in the serum and 
red cells of four living, unanesthetized dolphins have been esti- 
mated from the analyses of serum and whole blood and from 
measurements of cell volume. 
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THE ACTIVATION OF PAPAIN 
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(Received for publication, January 4, 1940) 


In previous reports (1, 2) there was presented evidence which 
could not be fitted into the widely accepted oxidation-reduction 
theory of papain activation (3). In these experiments it was 
shown that papain may be inhibited by means of phenylhydrazine 
and may be reactivated by means of benzaldehyde. In an attempt 
to study further the process of papain activation, an inactive 
papain preparation (Papain A) was activated by HCN (HCN- 
Papain A) and subsequently precipitated by means of isopropyl 
alcohol. The activity of the enzyme preparation was determined 
before and after this precipitation. If the activation of papain 
by HCN consisted simply in the reduction of disulfide groups of 
the enzyme to sulfhydryl groups, then the precipitated Papain B 
without added activator should have exhibited approximately the 
same activity as did the HCN-papain before precipitation. How- 
ever, the precipitate was found to behave like an unactivated 
papain, since it was completely inactive toward carbobenzoxy- 
isoglutamine and only slightly active toward benzoylarginine- 
amide. The oxidation-reduction theory of papain activation offers 
no simple explanation for this result. 

Furthermore, the precipitate, Papain B, on addition of HCN, 
regained nearly all of the activity of the original HCN-Papain A. 
This activated Papain B was precipitated a second time by means 
of isopropy! alcohol, resulting in an inactive enzyme preparation, 
Papain C, which, on addition of HCN, regained the activity of 
the original HCN-Papain A. It is difficult to interpret the nearly 
complete recovery of the original activity after two inactivations 
and reactivations by HCN in terms of the disulfide-sulfhydryl 
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theory. It is well known (4) that the action of HCN on disulfide 
linkages yields only one sulfhydryl group. 
R—S-S—R’ + HCN—R—SH + R’—SCN 

The action of the various papain preparations discussed above 
upon two synthetic substrates is summarized in Table I. The 
preparations were tested without added activator, with HCN. 
and also with cysteine as activator. 

TABLE | 


Hydrolysis of Synthetic Substrates by Papain Following Isopropyl Alcohol 
Precipitation 


Hydrolysis 


Papain —_ Added activator Carbobenzox yiso- B largini ; 
covation per 2.5 cc. ry Bs glutamine enzoylarginineamide 
2 hrs. 4 brs. 2 hrs. 4 hrs, 
ce. per cent per cen. per cent per cent 
A 0.3 None l 0 6 7 
B 0.3 l 1 9 13 
C 0.3 —] 0 4 9 
A 0.3 HCN 35 54 
B 0.3 29 49 
Cc 0.3 27 48 
A 0.15 22 29 46 61 
B 0.15 22 28 40 55 
C 0.15 19 27 36 52 
A 0.3 Cysteine 42 58 
B 0.3 43 57 
Cc 0.3 4] 58 
A 0.15 22 28 65 79 
B 0.15 25 30 68 86 
C 0.15 22 29 66 82 


These experiments may perhaps be best explained by means of 
the hypothesis that the HCN combines with the “inactive” 
papain to form a dissociable HCN-papain compound which 
represents the HCN-activated enzyme.' On precipitation of the 
enzyme by means of isopropyl alcohol, the HCN-enzyme com- 
pound dissociates and the precipitate contains the HCN-free 


‘ Maschmann (5) has observed that the inactivation of papain by means 
of iodoacetic acid is reversed upon precipitation of the enzyme by alcohol. 
This finding may also be interpreted as the dissociation of an inactive 
papain-inhibitor compound. 
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enzyme that is inactive towards synthetic substrates. Corre- 
spondingly, it may be assumed that the activation by cysteine 
consists in the formation of a dissociable cysteine-papain com- 
pound, and the activation with glutathione in the formation of a 
gutathione-papain compound. More generally, each of the 
yarious activators combines with the same inactive enzyme to form 
a different activator-enzyme compound. On the basis of this 
theory it may be expected that the specificity of the various ac- 
tivator-enzyme compounds should differ, depending upon the 
nature of the activator applied. This expectation seems to be 
fulfilled in the experiments with benzoylarginineamide reported in 
Table I. The activation with cysteine produces an essentially 
greater enzymatic activity than does the activation with HCN. 
Dr. George W. Irving, Jr., of this laboratory has made similar ob- 
servations regarding the action of HCN-papain and cysteine-papain 
towards carbobenzoxyleucylglycylglycine. In this case, HCN- 
papain possesses the greater activity. In these activations papain 
appears to act as an apoenzyme which is activated by coenzymes 
such as HCN, cysteine, or glutathione. 

Mendel and Blood have already found that the activation of 
papain by HCN with egg white as substrate could be reversed by 
aeration or dialysis. After excluding other possibilities, these 
authors concluded that, pending further investigation, nothing 
remained but to compare the behavior of HCN with that of the 
coenzymes (6). Although this point of view received strong sup- 
port from Willstatter and Grassmann (7), it was pushed into ob- 
security with the acceptance of the oxidation-reduction theory. 
It now seems necessary to return to the coenzyme theory of 
Mendel and Blood, and to investigate its validity for the activa- 
tion of intracellular proteolytic enzymes other than papain. 

The availability of simple synthetic substrates makes possible 
a detailed study of the specificities of the various activator-en- 
zyme compounds. The fact that the various activators may 
produce different specificities should play a significant réle in 
the biological action of the intracellular enzymes. 


EXPERIMENTAL 


Papain A—An aqueous solution of 225 mg. of purified papain (8) 
in 25 ce. (to be referred to as the solution of Papain A) was tested 
for its enzymatic activity by diluting 1.25 ec. of this solution to 
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2.5 ec. through the addition of 0.5 cc. of water and 0.75 ee, of 
0.2 m citrate buffer (pH 5). Similarly, the effect of HCN was 
determined by diluting 1.25 cc. of the papain solution to 2.5 ¢¢. 
with 0.5 ec. of 0.46 m HCN solution (pH 5) and 0.75 cc. of citrate 
buffer. The HCN-papain mixture was incubated for 2 hours at 
40° before being tested. Cysteine-papain was prepared by dilut- 
ing 1.25 cc. of the papain solution to 2.5 cc. with 0.5 cc. of 0.2 4 
cysteine solution (pH 5) and 0.75 cc. of citrate buffer. 0.3 or 
0.15 ec. of these enzyme solutions was employed per 2.5 ee. of 
test solution, as indicated in Table I. The substrate concentra- 
tion was 0.05 mm per cc. of test solution. The extent of hydrolysis 
was followed by measuring the liberated carboxyl groups according 
to the method of Grassmann and Heyde (9). The temperature 
in all cases was 40°, and the pH of the test solution was maintained 
at 5.0. 

Papain B—20 cc. of the above solution of Papain A were mixed 
with 8 ec. of 0.46 m HCN solution and incubated at 40° for 2 
hours. The mixture was then chilled and 100 cc. of cold isopropyl 
alcohol were added. After it had been allowed to stand at 5° 
for 30 minutes, the precipitate was centrifuged down and washed 
once with 50 cc. of cold isopropyl alcohol. The centrifuged pre- 
cipitate was dissolved in water to a volume of 20 cc. This will be 
referred to as the solution of Papain B. Three 1.25 cc. aliquots 
were removed from this enzyme solution and tested without added 
activator, with HCN, and with cysteine, as described for Papain A. 

Papain C—15 cc. of the solution of Papain B were incubated 
with 6 cc. of 0.46 m HCN solution for 2 hours and, after chilling, 
mixed with 100 cc. of cold isopropyl alcohol. The resulting pre- 
cipitate was centrifuged and washed as in the case of Papain B, and 
its enzymatic activity tested as described for Papain A. 
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In hog erepsin, the presence of at least two distinct polypep- 
tidases, namely leucylpeptidase and aminopolypeptidase, ap- 
pears to be certain. These have been prepared in enzymatically 
pure condition and their properties studied (1-3). In the case of 
leucylpeptidase, leucylglycine and leucyldiglycine are hydrolyzed 
rapidly and at equal rates, but alanyl and glycyl peptides are 
slit very slowly. The hydrolysis of all the substrates split by 
leucylpeptidase is activated by Mg and Mn ions. No metal 
activator has been found for hog aminopolypeptidase, but it 
may be characterized by its unusually rapid hydrolysis of prolyl- 
diglycine and triglycine, which are split only very slowly by 
leueylpeptidase. 

Magnesium activation of leucylglycine hydrolysis by peptidases 
of Tubifer eggs has been reported by Holter et al. (4), but no 
data were given for leucyldiglycine hydroiysis. Magnesium 
activation of the hydrolysis of leucyldiglycine but not leucyl- 
glycine by peptidases of Clostridium histolylicum was reported 
by Kocholaty et al. (5). A hog leucylpeptidase-like enzyme has 
been shown to exist in three plants (6) and in some bacteria (7). 
Abderhalden and Hanson (8) have presented evidence for the 
presence of a leucylpeptidase in bovine eye lens and cornea. 
In both cases the hydrolysis of leucylglycine was activated by 
magnesium ions and, with the lens extracts, leucylglycine and 
leucyldiglycine were split at equal rates. 

In the present paper, leucylpeptidases are shown to be present in 
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the proteolytic enzyme systems of human duodenum, rat ip- 
testine, rat carcinoma tissue, chick intestine, trout tissues, lobster 
tissues, cockroach intestine, and the bacteria Pseudomonas fluo- 
rescens and Rhizobium trifolii, but not in brewers’ yeast or molds. 


EXPERIMENTAL 
Methods 


Crude enzyme extracts were generally made as follows: Fresh 
tissues were ground with sand, then suspended in 4 to 5 times 
their weight of 20 per cent by volume aqueous glycerol, and 
allowed to extract, without pH adjustment, in the presence of 
toluene for 4 to 24 hours. The extracts were clarified before 
use by centrifugation or filtration with Hyflo super-cel.!. Enzyme 
extracts were made from the bacteria, molds, and yeast as pre- 
viously described (3, 7). Cells of Rhizobium trifolii, Strain 209, 
were grown on twenty-eight 1 liter Roux bottle agar plates con- 
taining 100 ce. of medium of the following composition: MgS0,.- 
7H,O 0.2 gm., NaCl 0.1 gm., CaCO; 0.5 gm., K2HPO, 0.5 gm., 
agar 25.0 gm., yeast water® 250 cc., distilled water 750 cc. The 
pH was adjusted to 6.8 to 7.0. 

After 64 hours growth at 28°, the cells were washed off the 
surface of the agar and collected by centrifuging. The yield was 
4.5 gm. of fresh cells. These were frozen and thawed repeatedly 
over a period of 2} months. They were then suspended in 30 
cc. of water at pH 7 in the presence of toluene and allowed to 
autolyze for 6 days. Daily analyses for leucyldiglycine-hydro- 
lyzing enzymes indicated maximum enzyme liberation at this 
time. The suspension was clarified by centrifuging and the clear 
extract analyzed 

Details concerning the substrates and methods used to determine 
the activity of the enzyme preparations have been given in a 
previous paper (3). 

Results 


The similarity of the intestinal peptidase systems of various 
mammals has generally been assumed, but lack of suitable identi- 


' A filter aid sold by Johns-Manville. 

? The clear extract from 200 gm. of pressed yeast autoclaved in 1 liter 
of water. 

* We wish to thank Dr. R. H. Burris for growing these cells 
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fying characteristics has hitherto made it difficult to prove this 
assumption. Evidence for such similarity is given in the data 
of this paper. 

Table I presents the data for the activities of crude and purified 
peptidase solutions obtained from human duodenum. Crude ex- 
tracts hydrolyzed all six peptides rapidly. A freshly precipitated 
acetone preparation contained a leucylpeptidase (indicated by 
Mg activation of leucylglycine and leucyldiglycine hydrolysis) 
contaminated with a considerable amount of dipeptidase activity. 


TABLE | 
Peptidases of Human Duodenum 


Acetone-precipitated Relative activities 


. 4 6 
Crude extract enzymet (leucylglycine = 1.0) 


Human leu- 


En- Hydrolysis 


ingube- droly-pe teal cube | No [acon Pept 
mixture “0” —_ MgCl. Fresh Aged | dase 
min. = ce. min. nf pw! 
dl-Alanylglycine. 14.5 78 0.05; 60 | 64 | 68 | 3.6/0.3! 0.1 
dl-Leucylglycine. 60 60 | 0.2 60 | 64 | 7% | 1.0; 1.0); 1.0 
Diglycine 40 52 | 0.5 39 40 42 | 0.3 | 0.03) 0.003 


d-Alanyldiglycine..| 30 60 1.0 | 120| 24 | 46 | 0.06) 0.2 | 0.2 
di-Leucyldiglycine.., 120 48 1.0 35} 41 | 70 | 0.3) 1.0) 1.0 
Triglycine 120 58 | 1.0 120 8 10 | 0.01) 0.03, 0.003 


*0.1 ce. of enzyme solution (equivalent to 0.02 mg. of fresh tissue) was 
used in 3 ce. of reaction mixture for every peptide except diglycine, for 
which 0.5 ec. was used. 

t 60 cc. of crude extract at pH 6.1 were precipitated with 60 cc. of acetone 
and the portion of the precipitate soluble in 60 cc. of H,O was analyzed. 


However, when the preparation was allowed to age for 21 days at 
2,98 per cent of the alanylglycine- and diglycine-splitting activity 
and 77 per cent of the leucylglycine-splitting activity were lost. 
The dipeptide-splitting activity that remained was evidently 
due to the leucylpeptidase, since in the presence of 0.003 m MgCl, 
alanylglycine and leucylglycine were hydrolyzed to the extent 
of 76 and 86 per cent respectively, compared to 22 and 48 per 
tent hydrolysis in the absence of Mg ions. Leucylglycine and 
leucyldiglycine were hydrolyzed at equal rates by this aged 
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Fic. 1. pH dependence of human intestinal leucylpeptidase activity 
0.5 ec. of an acetone-precipitated enzyme preparation was used in 3 ee. 
of reaction mixture for leucylglycine analyses. The incubation time was 
Ll hour. 0.003 m MgCl, was present in all determinations. LG represents 
leucylglycine; LGG, leucyldiglycine. 


TABLE II 
Peptidases of Rat Intestine 


Crude extract* Dialyzed acetone-precipitated enzymet 

En- En- Hydrolysis Rela- 

Substrate syme Time} py. | syme | 7ime - tive ac 

per 3 ce.) . of droly-|per 3 cc.) ; of N vet 

reaction|,12C% | sis reaction |,imeu- oa. 0.01 m 0.001 (leueyl- 

nahi bation lature bation ha 0 MeS¢ | MSO on 

: | =~ | 

- — cont = ave cont cont dont 

il-Alanylglycine. 0.25' 50 | 52 | 0.1 I 19 | 28 | 46 | 0.5 
dl-Leucylglycine. 0.10 | 50 | 56 | 0.025) 3 12 | 51 66 | 1.0 
Diglycine 0.20 | 60 | 22 | 0.3 2 46 | 48 | 52 0.1 
dl-Alanyldiglycine..| 0.05 | 30 | 60 | 0.1 2 47 | 64 | 76 | 0.4 
dl-Leucyldiglycine..| 0.10 | 50 | 60 | 0.025) 3 12 | 38 | 70 | 1.1 
Triglycine 0.10; 53 | 56 | 0.3 l 36 | 38 | 2 0.1 


* lec. of crude extract was equivalent to 0.18 gm. of fresh tissue. Deter- 
minations were made in the presence of 0.003 m MgCly. 

t 60 cc. of crude extract (a different preparation), at pH 6.7, were diluted 
to 120 ec. with H,O and mixed with 120 cc. of acetone. The resulting 
precipitate was centrifuged down and suspended in 15 cc. of H,O. The 
suspension was then dialyzed against distilled H.O for 12 hours at 2°, and 
clarified by centrifuging before analysis. 
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preparation and the activity ratios in general were very similar 
to those of hog leucylpeptidase. 

Fig. 1 shows graphically the pH optima for the hydrolysis of 
leucylglycine and leucyldiglycine by a fresh, acetone-precipitated 
preparation from human duodenum. Both peptides were hydro- 
lyzed most rapidly at pH 9.4 to 9.6. In the case of leucylglycine, 
the hydrolysis was probably due to a mixture of leucylpeptidase 
and a dipeptidase, as discussed above. 
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Fig. 2. pH dependence of rat intestinal leucylpeptidase activity. 0.6 ce. 
of an acetone-precipitated enzyme preparation was used in 3 cc. of reaction 
mixture for leucyldiglycine (LGG) analyses and 0.3 cc. for leucylglycine 
(LG) analyses. The incubation time was 1 hour. 0.003 m MgCl, was 
present in all determinations. 


The second mammalian intestinal system studied was that of 
the rat. The data are given in Table II. Crude extracts hydro- 
lyzed all six peptides rapidly, thus resembling hog and human 
erepsins. The presence of a leucylpeptidase was evident from 
the typical Mg and Mn ion activation of leucylglycine and leucyl- 
diglycine hydrolysis. The relative activities of the acetone- 
precipitated preparation approximated those of hog leucylpep- 
tidase. Crude rat erepsin hydrolyzed prolyldiglycine (0.1 , 
pH 8) 1.2 times as fast as triglycine. Since this property has 
been shown to be characteristic of purified hog aminopolypepti- 
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dase (2), it strongly suggests the presence of such an enzyme ip 
rat erepsin. 

The pH-activity curves for the hydrolysis of leucyldiglycine 
and leucylglycine by rat leucylpeptidase are shown in Fig, 2, 
The curve for leucyldiglycine splitting is very similar to the 
one given by hog leucylpeptidase (1). Leucylglycine was hydro- 
lyzed most rapidly at pH 8.8. 


TaB_e III 


Peptidases of Rat Carcinoma Tissue 


Crude extract* Acetone-precipitated ensymet 
En- Hydrolysis Hydrolysis Rele- 
Substrate ayme Time B ma oh 
r of An " tivities 
ver 3 cc. ‘ ; 
a No | 0.01 « 0.001 as | (leueyl- 


0.001m cuba- 


resection — MnSO, tion acti- MgSO: MnSO, rlycine 
na cont | cont irs. | Zont | cont | cont 

dl-Alanylglycine.. 0.2 15 15 2 29 54 50 | 0.05 
dl-Leucylglycine 0.1 18 39 l 8 19 32 | 1.0 
Diglycine 0.5 7 8 1 3 8 4 | 0.004 
dl-Alanyldiglycine 0.05 48 30 2 28 71 52 | 0.07 
dl-Leucyldiglycine.. | 0.1 21 $2 l 10 21 34 | 1.0 
Triglycine 0.1 42 29 4 3 1] 4 | 0.005 


* 1 cc. of extract was equivalent to 0.21 gm. of fresh tissue. The incuba- 
tion time was | hour. 

t 150 cc. of crude extract were adjusted to pH 6.02, 150 cc. of acetone 
added, and the mixture allowed to stand at room temperature for 1.5 hours. 
The resulting precipitate was centrifuged down, suspended in 50 ec. of H,0 
at pH 6.85, and the suspension centrifuged. 1.0 ec. of clear extract was 
used in 3 cc. of reaction mixture, except for leucylglycine and leucyldi- 
glycine analyses for which 0.06 cc. was used. 


The peptidase system of a Flexner-Jobling rat carcinoma‘ 
was next investigated for the presence of leucylpeptidase. As 
shown by the data of Table III, rat carcinoma tissue contains 4 
leucylpeptidase almost identical in specificity with the purest 
hog leucylpeptidase. 

The presence of a hog aminopolypeptidase-like enzyme in the 
crude extracts was indicated by the fact that prolyldiglycine was 
split 1.2 times as fast as triglycine. Crude extracts were unable 


‘ We wish to thank Dr. C. A. Baumann for supplying the tumor tissue. 
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to hydrolyze appreciably either d-leucylglycine or d-leucyldi- 
glycine (the racemic mixtures were split at least 150 times as 
rapidly). Peptidases activated by reducing agents, such as have 
heen found in anaerobic bacteria and elsewhere (3, 9), appeared 
to be absent, as indicated by the non-activation of alanyldiglycine 
and leucyldiglycine hydrolysis by either 0.001 m concentration 
of the reducing agent p-methylaminophenol sulfate or by 0.001 
wu ZnSQ,. 


TABLE IV 
Peptidases of Chick Intestine 


Crude extract* Acetone-precipitated enzymet 


ia eed ia Hydrolysis Relative 
penne serps | ny | Ue | ascieti 
reaction ‘drolysis’ cuba- No 0.01 m 0.001 m ouve 
mixture tion = MgSO, MnSO, & 1.0) 
cc. per cent| hrs. per cent per cent per cent 
d-Alanylglycine 0.005 48 4 19 35 48 0.2 
d-Leucylglycine 0.05 86 I 8 17 50 1.0 
Diglycine 0.15 76 4 6 10 11 0.05 
d-Alanyldiglycine 0.005 20 6 35 60 56 0.2 
d-Leucyldiglycine 0.05 40 2 14 48 68 0.7 
Triglycine 0.05 76 6 16 16 22 0.07 





*1 cc. of crude extract was equivalent to 0.21 gm. of wet tissue. The 
substrates all contained 0.003 m MgCl,. The incubation time was 1 hour. 

+50 cc. of crude extract (a different preparation) were mixed at pH 
6.45 with 50 cc. of acetone and allowed to stand at room temperature for 
L5 hours. The resulting precipitate was centrifuged down, suspended in 
cc. of water, and the suspension clarified by centrifuging. After aging 
for 10 days at 2°, the solution was analyzed. 1.0 cc. was used in 3 cc. of 
reaction mixture in all cases. 


In Table IV the data obtained with the peptidase system of 
chick intestine demonstrate the presence of an Mg-Mn-activated 
leucylpeptidase. In order to remove considerable amounts of 
dipeptidase and non-activatable polypeptidase activities, a long 
treatment with acetone had to be used. This yielded a prepara- 
tion with specificity and metal activatability properties quite 
similar to those of hog leucylpeptidase. In the presence of 0.005 
uw MgSO,, the acetone-precipitated preparation hydrolyzed 0.05 
M leucyldiglycine 1.2 times as rapidly as 0.05 m glycyl-dl-leucyl- 
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glycine. Chick leucylpeptidase hydrolyzes leucyldiglycine mog 
rapidly at pH 8.7, as shown in Fig. 3. 

The usual acetone precipitation technique did not yield very 
pure leucylpeptidase preparations from either the intestine or 
liver of the trout (Salmo irideus), as shown in Tables V and YI. 
In both cases, alanylglycine- and diglycine-splitting enzymes 
appeared to withstand the acetone treatment very well. How- 








° pl | 
5 6 7 pH 8 9 











Fic. 3. pH dependence of leucyldiglycine hydrolysis by trout and chick 
leucylpeptidases. 0.08 cc. of an acetone-precipitated preparation from 
trout intestine (Curve I) and 0.10 cc. of an acetone-precipitated preparation 
from trout liver (Curve II) were used in 3 cc. of leucyldiglycine reaction 
mixture which contained 0.001 m MnSO,. For the determinations with 
chick leucylpeptidase (Curve III), 0.88 ce. of an acetone-precipitated 
preparation was used in 3 cc. of a reaction mixture containing 0.003 
mM MgCl). 


ever, the presence of a leucylpeptidase in both tissues appears 
certain, since the leucyl peptides were split at equal rates (in 
the presence of Mn ions) and their rates of hydrolysis were ac- 
celerated by Mg and Mnions. It may be seen that the hydrolysis 
of alanylglycine and diglycine by the crude intestinal extract but 
not by the acetone-precipitated preparations was activated by 
MgSO,. However, several dipeptidases may be present, since it 
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has been possible to obtain acetone-precipitated preparations 
which split diglycine, but not alanylglycine, more rapidly in the 
presence of MgClp. 

Crude extracts of trout liver and intestine hydrolyzed prolyl- 
diglycine about 2.5 times as fast as triglycine, thus differing sub- 
stantially from hog aminopolypeptidase. This difference might 


TABLE V 


Hydrolysis by 


Peptidases of Trout Intestine 


Crude extract* acetone-precipitated 
enzymet 
Substrate En- Hydrolysis 
syme — No | 0.001) 0.01 


Cate No | 0,001 | 0.01. | 0.001m | cts, | MnSO«| MgSO. 
mixture) water | MnSO«| MgSO. | CoCls 


cc. per cent per cent per cent per cent per cent per cent per cent 


d-Alanylglycine 0.25 | 28 72 54 29 33 | «(78 34 
d-Leucylglycine 0.08 28 63 37 27 30 55 | (36 
Diglycine 0.25; 18 36 48 40 7 50 7 
d-Alanyldiglycine. .| 0.025) 28 28 10 30 | 14 
d-Leucyldiglycine.. 0.20 | 37 448 51 34 8 5S | 12 
Triglycine ...0.12 | 30 45 5 58 COS 


*1.0cc. of extract was equivalent to 0.20 gm. of fresh tissue. The incu- 
bation time was 1 hour, except for diglycine (2 hours). 

t 20 ec. of crude extract at pH 6.2 were mixed with 20 cc. of acetone and 
the mixture centrifuged after 3 minutes; the resulting precipitate dissolved 
completely in 20 cc. of H.O at pH 7.15. Of this solution, 0.6 cc. was used 
in 3 ec. of reaction mixture for alanylglycine, alanyldiglycine, and tri- 
glycine analyses, and 0.3 cc. was used for the three remaining peptides. 
The incubation time was 0.5 hour, except for triglycine (1 hour). In the 
presence of 0.001 m CoCl:, 30 per cent splitting of alanylglycine and 12 
per cent splitting of diglycine were obtained. 

10.025 cc. of enzyme solution. 

§0.05 cc. of enzyme solution. 


be caused by accompanying substances, or by the presence of an 
enzyme other than leucylpeptidase or aminopolypeptidase, which 
hydrolyzes prolyldiglycine very rapidly. 

Leucylpeptidase-like enzymes, as indicated by Mg activation of 
leucylglycine and leucyldiglycine hydrolysis, have also been found 
in the spleen, kidney, and ceca of the trout. The relative abund- 
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ance of leucylglycine-hydrolyzing enzymes in trout tissues was 
as follows: spleen 400, liver 190, kidney 148, intestine 93, and 
ceca 92. 

From Fig. 3 it may be seen that leucylpeptidase preparations 
(acetone-precipitated extracts) from trout intestine and trout 
liver hydrolyzed leucyldiglycine most rapidly at pH 7.9 to 88 
and pH 8.2 to 8.8 respectively. 


TaBLe VI 
Peptidases of Trout Liver 


Acetone-precipitated enzymet 


Hydroly- —_ 

Substrate oy 3 Time Hydrolysis se 

extract* | reaction | Sfineu- | no | o.0olm | 001m 

mixture activator | MnS0O, MgSO. 

per cent ce. hrs. percent | percent | percent 
dl-Alanylglycine 62 0.1 1.0 22t 66 29 
dl-Leucylglycine 34 0.1 1.5 44 68 52 
Diglycine. 23 0.5 0.5 23t 60 24 
dl-Alanyldiglycine 34 0.5 1.5 5 43 10 
dl-Leucyldiglycine 66 0.2 1.0 24 62 30 
Triglycine , 19 0.5 1.5 5 34 10 


* 0.25 cc. of crude extract (equivalent to 0.05 gm. of wet tissue) was 
used in 3 ec. of reaction mixture, except for leucylglycine (0.025 cc.). The 
time of incubation was 0.5 hour, except for leucylglycine and triglycine 
(1 hour). 

t 33 ec. of crude extract at pH 6.1 were mixed with 33 cc. of acetone and 
the mixture allowed to stand at room temperature for 1 hour. The re- 
sulting precipitate was centrifuged down, suspended in 33 cc. of H,0 at 
pH 6.8, and the suspension centrifuged. The clear solution was analyzed. 

t 0.001 m CoCl, did not activate the hydrolysis of either alanylglycine 
or diglycine. 


‘The bacteria Pseudomonas fluorescens and Proteus vulgaris 
have previously been reported to contain leucylpeptidases whose 
leucylglycine and leucyldiglycine hydrolyses occurred at equal 
rates and which were activated by Mg ions (7). The specificity 
of the Proteus leucylpeptidase (later shown to be activated by 
Mn as well as Mg ions (3)) was similar to that of hog leucyl- 
peptidase, but the Pseudomonas preparation hydrolyzed alanyl 
and glycyl peptides almost as rapidly as leucyl peptides. It was 
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desirable to determine whether Pseudomonas leucylpeptidase 
could hydrolyze glycyl peptides rapidly or whether some con- 
taminating enzymes had been present in the former preparations. 
The data obtained with a new batch of cells grown and extracted 
gs previously described (7) are summarized in Table VII. It 
may be seen that with the proper acetone treatment the glycy! 
and alanyl peptide-splitting enzymes are destroyed and the re- 


TaBLe VII 


Peptidases of Pseudomonas fluorescens 


Crude enzyme* Acetone-precipitated enzymet 
-_ aoe iydrolysi j 
Substrate Time Time ape =. 
of Hydrol-| of (leueyl ’ 
incu- ysis incu- No re 
bation bation activa- Mess bone i aly Lo) 
tor 4 - . 


hrs. percent hrs. per cent per cent per cent 


d-Alanylglycine l 12 3 10 20 40 0.2 
d-Leucylglycine ] 30 ] 8 32 36 1.0 
Diglycine 18 28 3 3 6 6 0.03 
d-Alanyldiglycine ] 10 3 s 18 38 ‘ 
d-Leucyldiglycine 1 36 1 10 36 62 ia 
Triglycine 18 34 3 4 8 8 | 0.03 


*0.5 cc. of crude enzyme solution (equivalent to 0.065 gm. of wet cells) 
was used in 3 cc. of reaction mixture, except for leucylglycine and leucyl- 
diglycine (0.25 cc.). The substrates contained 0.001 m MnSO,. 

+ 30 ec. of crude extract at pH 6.3 were precipitated with 30 ec. of ace- 
tone; the precipitate was suspended in 11 cc. of H,O at pH 7.0, and the 
suspension clarified by centrifuging. 0.5 cc. of the resulting extract was 
wed in 3 cc. of reaction mixture, except for leucylglycine and leucyl- 
diglycine (0.26 cc.). 

t Relative activities in the presence of MnSQ,. 





sulting preparation has a specificity like that of hog leucylpepti- 
dase. The hydrolyses of all six peptides by the leucylpeptidase 
are activated by both Mg and Mn ions. 

From the data of Table VIII, a more detailed comparison may 
be made of the specificities of hog and Pseudomonas leucylpepti- 
dases. In most instances the peptides and their substituted 
derivatives were hydrolyzed by the bacterial leucylpeptidase 
at practically the same rates as by hog and plant leucylpeptida- 
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ses (6). However, the bacterial enzyme resembled the plant Jey. 


cylpeptidases rather than the hog or chick leucylpeptidase jn jts | 


slower rate of hydrolysis of glycyl-dl-leucylglycine. 
Preliminary data obtained with the bacterium Rhizobium 
trifolii, Strain 209, suggest the presence of a leucylpeptidase jn 
this organism. As shown in Table IX, the hydrolyses of both 
TaBLe VIII 
Specificities of Leucylpeptidases of Pseudomonas fluorescens and 
Hog Intestine 
Pseudomonas fluorescens* Hogt 
Substrate Per cent hydrolysis of one linkage in 


1 hr. Shrs. 24hrs.. 1 hr. Shrs. 24 hrs. 


dl-Leucyldiglycine 32 66 86 39 101 | 110 
dl-N-Methylleucyldiglycine 0 { 10 0 0 3 
Glycyl-dl-leucylglycinet 14 70 190 76 194 | 206 
dl-Alanyldiglycine 2 16 52 10 53 | 112 
Triglycine. .. 0 4 14 0 3 12 
Sarcosyldiglycine 0 2 3 0 0 2 
Tetraglycine 0 4 8 0 2 5 
dl-Leucylglycine 20 96 100 40 100 | 105 
dl-Leucylmethylamine 0 2 2 6 10 17 
Diglycine 2 $ 8 1 2 13 
Glycylmethylamine 0 0 2 0 0; -!1 
dl-N-Methylleucylglycine l 2 10 0 4 21 
dl-Alanylglycine 6 16 58 
dl-Prolylglycine 0 2 8 0 5 24 
dl-Prolyldiglycine 0 0 16 | -1 4 23 
dl-Leucyldiglycine + 0.001 

MnS0O, 68 100 110 


*0.3 cc. of an acetone-precipitated preparation was used in 3 ec. of 
reaction mixture. m/300 MgCl, was present in all cases except the last 

+t The data are taken from Table VIII of a previous paper (6). 

t The sparingly soluble glycyl-dl-leucylglycine was present in m/30 con- 
centration. 


leucylglycine and leucyldiglycine are activated by 0.003 m MgCh. 
pH-activity determinations with a crude extract indicated 4 
maximum rate of leucylglycine hydrolysis at pH 7.8 and of 
leucyldiglycine hydrolysis at pH 8.6, as shown in Fig. 4. The 
difficulty of obtaining sufficiently active preparations prevented 
the more detailed investigation of this proteolytic system. 
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It may be mentioned here that the leucylpeptidase of Phyto- 
monas tumefaciens which was previously reported to be activated 


TaBie 1X 
Peptidases of Rhizobium trifolit 
Hydrolysis* 
Substrate mE ¥ ‘ pill inten 
No activator | 0.003 m MgCl: 
Ars. per cent per cent 
di-Alanylglycine 5 66 
d-Leucylglycine 7.5 56 70 
Diglycine 5 24 
di-Alanyldiglycine 10 28 
dl-Leucyldiglycine 10 40 64 
Triglycine 10 22 





*1 ec. of crude extract (equivalent to 150 mg. of wet cells) was used in 


3ec. of reaction mixture. 
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Fic. 4. pH optima for the hydrolysis of leucylglycine (LG) (8 hours 
incubation period) and leucyldiglycine (LGG) (9 hours incubation) by a 
erude extract of Rhizobium trifolii, Strain 209. All determinations were 
made with the same amount of enzyme solution in the presence of 0.003 m 


MgCl). 


by Mg ions (7) is also activated to an even greater extent by 
0.001 m Mn ions. 
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Leucylpeptidases have been found in several tissues of the an 
lobster, Homarus americanus. As shown in Table X, leucylgly- Th 
cine and leucyldiglycine hydrolyses by dialyzed enzyme prepara- pr 
tions from the hepatopancreas, stomach, intestine, and abdominal 
muscle are activated by Mg and Mn ions, although in some cases to 
ye 
TABLE X . 
au 
Pe plidase 8 of Lobster Tissues in 
dl-Leucylglycine dl-Leucyldiglycine wi 
4 Hydrolysis Hydrolysis 
Source* Time Time 
of N of N by 
inecu- oath 0.001m | 0.01m  incu- oath. 0.001m 0.01 u ’ 
bation bn MnSO; MgSO, bation pa ot MnS0O, | MgSO, “ 
el 
hrs. per cent per cent per cent Ars. per cent per cent per cent te 
Stomach 2 24 54 28 { 16 68 25 th 
Hepatopancreas l 40) 92 50 1 15 58 26 
Muscle } 4] 70 44 5 16 54 24 
Intestine 6 13 48 28 6 4 28 14 
i * Extracts were dialyzed against distilled water for 24 hours at 2° before ve 
f analysis. The same amount of enzyme was used in each pair of deter- Q 
minations. 
A W 
| Tote X 
i raBLe XI er 
Peptidases of Cockroach Intestine 
b Time Hydrolysis* 8 
{i Substrate of incu- ¢ 
' bation No 0.01 m 0.001 0.001 u 
i activator MgSO, MnSO, CoCk a 
i 
4 Ars. per cent per cent per cent per cent b 
dl-Leucylglycine 7.5 5 26 56 e 
dl-Leucyldiglycine 7.5 12 24 40 i OD 
: Diglycine s 10 11 20 16 g 
* A crude extract dialyzed for 25 hours at 2° was used as enzyme source. 8 
The same amount of enzyme was used in all the determinations s 
. 
the Mg activation is very small indeed, a property previously 
observed only with certain malt and fish leucylpeptidase prepara- + 1 
tions. f 
The existence of a leucylpeptidase-like enzyme in the intestine 
of the cockroach, Periplaneta australasiae, is shown in Table XI. 
It may be seen that the hydrolysis rates of both leucylglycine 
‘ 
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and leucyldiglycine were markedly increased by Mg and Mn ions. 
The presence of an Mn-Co-activated dipeptidase, described 
previously (3), is also indicated. 

Some organisms, for example yeast and molds, do not appear 
to possess a leucylpeptidase. Autolysates of brewers’ bottom 
yeast were analyzed after 2 hours and after 7 days of toluene 
autolysis at pH 6.5. Determinations were made on six peptides 
in the presence and absence of Mg and Mn salts but in no case 
was there any indication of the presence of a leucylpeptidase. 

Neither Mg nor Mn ions activated leucyldiglycine hydrolysis 
by crude or purified tissue extracts of the mold Aspergillus para- 
siticus and 0.001 m Mn ions slightly inhibited the hydrolysis of 
leucyldiglycine by tissue extracts from the molds Penicillium 
ferrestre and Penicillium citrinum. These facts strongly suggest 
the absence of a leucylpeptidase type of enzyme in these molds. 


SUMMARY 

1. Relatively pure leucylpeptidase preparations may be con- 
yeniently prepared from a number of sources by precipitation of 
crude extracts at pH 6 to 7 with 1 volume of acetone. The 
water-soluble portion of the resulting precipitate contains the 
enzyme. 

2. Leucylpeptidases are shown to be present in the proteolytic 
systems of human duodenum, rat intestine, rat carcinoma tissue, 
chick intestine, trout tissues, lobster tissues, cockroach intestine, 
and in the bacteria Pseudomonas fluorescens and Rhizobium 
trifolit. The characteristics which were used to identify the 
enzyme were (a) activation by Mg and Mn ions, (6) an approxi- 
mately equal rate of hydrolysis of leucylglycine and leucyldi- 
glycine, (c) rapid hydrolysis of leucylglycine and leucyldiglycine, 
slow hydrolysis of alanylglycine and alanyldiglycine, and very 
slow hydrolysis of diglycine and triglycine, (d) a pH optimum of 
8 to 9.5. 

3. Leucylpeptidases were not found in brewers’ yeast or in the 
molds Aspergillus parasiticus, Penicillium citrinum, and Penicillium 
lerrestre. 
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STUDIES ON KETOSIS 


XVII. THE RATE OF DISAPPEARANCE OF s-HYDROXY- 
BUTYRIC ACID IN FASTED AND FED RATS* 


By HARRY J. DEUEL, Jr., LOIS F. HALLMAN, PAUL O. GREELEY, 
JOSEPH 8. BUTTS, anp NELLIE HALLIDAY 


(From the Departments of Biochemistry and Physiology, University of 
Southern California School of Medicine, Los Angeles) 


(Received for publication, November 20, 1939) 


The mechanism by which administered glucose is able to de- 
erease the level of ketonuria in fasting animals has been explained 
by widely divergent theories. On the one hand the idea has been 
widely accepted that glucose or its intermediary products are 
able chemically to unite with or in some way catalyze the oxida- 
tion of the acetone bodies by a process which may be referred to 
as ketolysis. Opposed to this is the suggestion that glucose is 
preferentially oxidized when so administered, thus sparing a 
certain amount of fat breakdown with its resultant production of 
ketone bodies. The latter theory ascribes the reduction in keto- 
nuria to an antiketogenic effect of carbohydrate. 

There are several strong arguments which would seem to point 
to the first explanation as the more acceptable one. The in 
nitro experiments of Shaffer (1) demonstrate the marked catalytic 
power of glucose in causing the oxidation of acetoacetic acid. 
Moreover, it has been shown by Shapiro (2) that the feeding of 
any glucose precursor diminishes the ketone body elimination 
resulting when acetoacetic acid is fed, although isodynamic quan- 
tities of non-glucose formers are entirely ineffective in this respect. 
Since the acetoacetic acid could not be stored, the most probable 
explanation for the decreased excretion in the urine is that the 
administered metabolite has catalyzed its oxidation. The magni- 
tude of decrease in ketone body elimination is far in excess of what 


*This work was assisted by a research grant from the Rockefeller 
Foundation. 
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may be excreted from endogenous sources even under such favor- 
able conditions for its production as occur in fasting rats which 
have fatty livers. Later, Deuel, Hallman, and Murray (3) 
demonstrated that the exogenous ketonuria of rats receiving 
sodium butyrate as well as the endogenous ketonuria resulting 
after the administration of a high fat diet could be largely abolished 
by an amount of glucose equal in energy value to less than 1 per 
cent of the total fat catabolism. Isodynamic amounts of alcohol 
were entirely ineffective in altering the ketonuria. 

On the other hand, Mirsky and Broh-Kahn (4) were unable to 
show any alteration in the rate of disappearance of injected 
8-hydroxybutyric acid in rabbits receiving glucose from that of 
fasted animals. These investigators concluded that glucose 
must decrease ketonuria by an antiketogenic action. More 
recently Mirsky, Nelson, and Grayman (5) have reported that no 
difference in the rate of oxidation of injected 8-hydroxybutyric 
acid could be noted in well fed and fasted nephrectomized rats as 
judged by the unmetabolized ketones recovered from the carcass. 

In the present study the rate of disappearance of /-8-hydroxy- 
butyric acid has been followed in fasted and well fed nephrecto- 
mized rats for 75 and 150 minutes. So that neither the effect of 
the trauma nor that of ether anesthesia might be a factor, the 
operations were performed approximately 20 hours before the 
tests were carried out. 


Procedure 

The experiments were performed on female rats from our stock 
colony, approximately 3 months of age. The body weights used 
for calculation of the doses of 8-hydroxybutyric acid in all cases 
were those obtained 2 days before the experiments, at the start of 
the fast for the inanition group. Nephrectomy was carried out 
under ether anesthesia between | and 3 p.m. on the day previous 
to the tests. In order to determine the food consumption of the 
fed group, the animals were placed in separate cages following 
nephrectomy and their food intake determined until the start of 
the experiments. At that time they were given 0.5 ce. of 50 
per cent glucose per 100 sq. em. of body surface by stomach tube. 
The fasted rats received orally a similar dose of 8 per cent sodium 
chloride solution which is isotonic with the glucose. In the experi- 
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ments in which 8-hydroxybutyric acid was administered, it was 
injected intraperitoneally 30 minutes after the glucose or salt 
solution was administered. J/-6-Hydroxybutyric acid was given 
in doses equivalent to 75 mg. per 100 sq.cm. as acetone or 143 
mg. calculated as the acid. The quantities of solution of this 
acid injected were approximately 1.00 cc. in our tests. This dose 
is the level that Butts and Deuel (6) have employed in each of two 
daily feedings for the establishment of an exogenous ketonuria. 
[tis too great to administer intravenously in a short period but it is 
readily tolerated when given by mouth or intraperitoneally. In 
fact, except for the slight discomfiture which our animals exhibited 
for a few minutes after injection owing to the hypertonic solution, 
they remained in apparently normal condition to the termination 
ofthe experiment. We have lost only two experiments out of forty- 
six carried out owing to the death of the rats, while two others were 
discarded because diarrhea developed. J-8-Hydroxybutyrie acid 
was prepared from rat urine by the procedure of Blunden (7). 
After purification as the calcium zinc salt,’ the free acid was 
separated by ether extraction. The latter was partially neu- 
tralized with sodium hydroxide to pH 7.4. 

The rats were killed 75 and 150 minutes after the 8-hydroxy- 
butyrate had been injected. The control rats were killed after 
the same interval had elapsed, following glucose or sodium chloride 
solutions, as the animals which were given the 8-hydroxybutyrate. 
Amytal was used for an anesthetic. The rat was ground by 
passing it through a meat chopper three times and the hashed 
material was used for the determination of the acetoacetate and 
acetone and also the 8-hydroxybutyrate fractions. 

Acetoacetate and acetone were determined by distillation from a 
weighed aliquot (usually 50 gm.) in a distilling flask with 250 ce. 
of water and 20 cc. of 50 per cent sulfuric acid. The process was 
continued until 120 ec. of distillate were collected in the receiving 
flask which was immersed in an ice bath. An appropriate amount 
of the distillate was then used without further treatment for the 
determination of acetone by the Van Slyke technique. No acetone 


! “yo samples of the calcium-zine salt were used for making the sodium 
Lé-hydroxybutyrate. One sample was prepared by one of us (L. H.) and 
the other by B. Bobbitt. Both showed the theoretical optical rotation for 
L8-hydroxybutyrate. 
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originates from 8-hydroxybutyrate when subjected to this proce. 
dure. When known amounts of diacetic acid were injected intra- 
peritoneally and the rats immediately killed, an average of 79,7 
per cent was recovered. We have therefore corrected our analyses 
by this value. 

For the determination of 6-hydroxybutyrate, an aliquot of 50 

gm. of hashed tissue was mixed with 125 cc. of water and the whole 
brought to a boil with constant stirring. ‘The fluid was expressed 
with a potato ricer, and the practically dry cake remaining was 
reextracted with 75 cc. of water by a similar procedure. This was 
repeated a third time with 75 cc. To the combined extracts in a 
stoppered graduated cylinder, 10 cc. of 50 per cent zine sulfate 
solution and 2 cc. of 40 per cent sodium hydroxide were added and 
the volume noted. After thorough mixing, the protein was filtered 
off and the filtrate subjected to the copper lime precipitation. 
8-Hydroxybutyrate determinations were made on the filtrate by 
the Van Slyke procedure. When known amounts of $-hydroxy- 
butyrate were injected intraperitoneally into well fed rats, and the 
animals immediately sacrificed, the carcasses ground, and 50 gm. 
aliquots extracted, an average of 109.9 per cent of the 6-hydroxy- 
butyrate was recovered in eleven determinations after allowance 
was made for the ketone body content of tissues already present. 
The higher than theoretical recovery is probably caused by the 
large amount of precipitate due to which the 8-hydroxybutyrate 
was not distributed uniformly throughout. On the other hand 
when we have used only 25 gm. of tissue, the recovery in three 
experiments averaged 100.6 per cent. However, because we have 
always used 50 gm. samples, the values for 6-hydroxybutyrate 
recovered have been corrected. The agreement between different 
aliquots of the same tissue is quite satisfactory. 


Results 


A summary of the experimental data is given in Table I. This 
includes the values for the acetone bodies in the tissues of control 
rats which received no 8-hydroxybutyric acid, but which were 
killed at comparable periods to the experimental animals. Table 
II gives the results of the statistical treatment of the experimental 
data. 
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DISCUSSION 

When /-8-hydroxybutyric acid, partially neutralized to pH 7.4, 
is injected into fasting rats, comparatively large amounts disap- 
pear. Presumably the disappearance is best explained as a regylt 
of oxidation, since there seems to be evidence that the ketone 
bodies are not convertible to neutral fat or to carbohydrate which 
might be stored. When the rats had considerable stores of carbo- 
hydrate available supplemented by the oral administration of 50 
per cent glucose solution 30 minutes before the acid was given, 
the rate of removal of the hydroxy acid was considerably in- 
creased. The variation was somewhat greater when the concen- 


TABLE II 
Statistical Evaluation of Differences in Utilization Rate 


Ratio, mean 
difference to 
standard error 
of difference* 


Per cent of fed 
rats above 
control level 

Weight basis 


Groups compared of comparison |- 7 


On &. n a 

weight | ° 7 weight *“ 
basis | basis | >asis tess 
75 min., Groups I and II Original 5.32 5.42 100, 10 
Killing 5.54 | 5.10) 100); 100 
150 * - se.” EV Original 5.12 | 5.82 100 | 100 
Killing 3.95 | 4.96 100 100 

* Standard error of difference = +/(s.E.M.,)? + (S.E.M.2)?. 


tration was highest (in the 75 minute group) but was still evident 
in the experiments carried on for a longer interval. 

We have felt that the most satisfactory basis for comparison 
of the utilization is on the normal weight prior to the initiation of 
fasting. The lowering in body weight due to a 48 hour fast does not 
lower the active metabolizable tissue by a corresponding amount. 
However, we have carried out our calculations of the rate of utiliza- 
tion also on the weight just prior to killing the animals and the 
results are similar. Calculations are also included on the rates 
of utilization based on surface area, which are probably a better 
index than body weight for comparison. An average of only 12.1 
mg. of 8-hydroxybutyrate (as acetone) was utilized per 100 sq.cm. 
per hour during the 75 minute period following the injection of 75 
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mg. of this substance in fasting rats; in those rats which were fed, 
the average utilization was 22.5 mg. (as acetone) per hour. In 
the 150 minute period, the rates of utilization were approximately 
the same, being 15.4 and 23.2 mg. per hour for the fasted and fed 
groups respectively. When the surface area is calculated on the 
killing weight, the corresponding rates of utilization for the fasted 
and fed rats for the shorter period are 12.6 and 22.5 mg. per 
hour respectively; for the longer interval the corresponding aver- 
ages are 16.1 and 22.8 mg. According to the statistical treat- 
ment given in Table II, it is noted that the differences in rate of 
utilization between the fasted and fed groups at both intervals 
are statistically significant when the surface area is based either 
on the original weight or on the weight at the time the animals 
were sacrificed. 

These results are at variance with the report of Mirsky, Nelson, 
and Grayman (5) who have found no statistically significant dif- 
ferences in the rats subjected to inanition as compared with the 
glucose-fed animals. There are several explanations for their 
failure to observe such differences. One of the most serious of 
these is the fact that the studies were carried out on rats imme- 
diately after recovery from ether anesthesia following nephrec- 
tomy. The depressing effect of ether on carbohydrate metabolism 
is well known and one would not expect a normal response during 
a period immediately following its administration. The trauma 
attendant on the operation might also interfere witha normal 
response. To avoid any such complications, nephrectomies were 
performed on the day prior to the test in the present study. 

A more serious objection to the experiments of Mirsky, 
Nelson, and Grayman (5) is the fact that the quantity of 8-hy- 
droxybutyric acid administered was too small. Butts and 
Deuel (6) have shown that no consistent ketonuria is obtained in 
fasting rats when quantities of ketone bodies less than 75 mg. per 
100 sq.cm. (as acetone) are administered twice daily. It is only 
when the amount of ketogenic acid fed exceeds the ability of the 
tissues to destroy it that an appreciable ketonuria occurs. How- 
ever, when such a ketonuria is produced, it may be decreased when 
glucose is fed to the rat; this fact must indicate that a more rapid 
utilization has occurred in the tissues with a smaller resultant 
excess to be excreted. 
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The maximum amount of 6-hydroxybutyric acid administered 
by Mirsky, Nelson, and Grayman was only 8.40 ma per kilo, which 
is equivalent to 51.6 mg. as 8-hydroxybutyric acid or 28.8 mg. as 
acetone per 100 sq.cm. This is slightly over one-third the dose 
employed by us of 75 mg. as acetone per 100 sq.cm. The rate 
of utilization of 6-hydroxybutyric acid, namely 42.8 and 41.7 mg. 
as acetone per hour, found by the above investigators in their 
fasting rats is much higher than the averages noted by us in our 
corresponding groups which were 20.9 and 26.4 mg. respectively, 

Although any experimental procedure which involves the ad- 
ministration of large amounts of even a usual metabolite must be 
considered abnormal, the administration by the intravenous route 
affords a more severe shock than that by the intraperitoneal path- 
way, which allows the gradual distribution to the tissues. This 
is particularly the case when the substance concerned causes an 
upset in the acid-base equilibrium. That the shock of intravenous 
injection was far greater in Mirsky’s tests* than in our own, in 
which the intraperitoneal pathway was employed, is evidenced by 
the fact that a considerable mortality obtained in the former case 
with only a 40 minute interval elapsing, while only two fatalities 
occurred in our tests which were prolonged up to 2} hours. The 
purification of the 8-hydroxybutyric acid by ether extraction fol- 
lowed by the neutralization to pH 7.40 may also account for the 
better tolerances observed in the present series. Not only have 
we found that unpurified commercial sodium 8-hydroxybutyrate 
may contain appreciable amounts of excess base, but also on the 

basis of theoretical considerations the calculated pH of a 2.6 m 
solution of the pure salt is 9.56. 

Another difference in technique employed in this series of experi- 
ments as compared with those of Mirsky et al. (5) is that we have 
used the active isomer rather than the racemic 6-hydroxybutyrate. 
However, it seems probable that the variations reported here are 
not ascribable to that fact. In an earlier more extensive series 
of unpublished tests, it was also found that there were differences 
in the rate of utilization of purified dl-8-hydroxybutyrate in fasted 
and fed rats. The average utilization of dl-8-hydroxybutyrate 

* Personal communication. 


* Calculated from the following formula: pH = pK, + $pK. + } log. 
K, = 2.0 X 10°. C is the concentration of the 8-hydroxybutyrate. 
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(calculated as mg. of acetone per 100 sq.cm. per hour) in fasted 
rats was 24.2, 17.3, and 17.6 mg. respectively in tests lasting 75, 
120, and 150 minutes; on the other hand the corresponding rates 
found for fed rats were 32.8, 23.7, and 22.0 mg. respectively. Sub- 
sequently it was noted that the method of recovery employed in 
this earlier series, although satisfactory for the hydroxybutyrate, 
failed to account for the acetoacetate fraction. However, in the 
present series it has been noted that the differences in the aceto- 
acetate fraction in the tissues of fasted and fed rats are much more 
pronounced than in the #-hydroxybutyrate fraction. Had the 
acetoacetate been satisfactorily recovered in the above tests, it 
appears probable that the variations between the fasted and fed 
groups would have been even greater than the figures given above 
would seem to indicate. 

One may suggest that the more rapid disappearance of the 
ketone bodies in the glucose-fed rats is due to the suppression of 
formation of new §-hydroxybutyric acid by the antiketogenic 
action of the sugar. On the other hand, in the fasted rats the 
ketone bodies continue to be produced in endogenous metabolism; 
therefore, the total 8-hydroxybutyric acid isolated from the carcass 
is increased by that formed from endogenous sources. However, 
to obtain the amount utilized, correction is made for the amount 
which would have been present had no 8-hydroxybutyric acid been 
given. Although this quantity does not represent the total turn- 
over of 8-hydroxybutyric acid, it does represent the amount 
present at any time resulting from the equilibrium between that 
produced and oxidized by endogenous processes. 

The most logical conclusion from these experiments seems to 
be that glucose increases the rate of disappearance of 8-hydroxy- 
butyric acid from the tissues of the fasting rat provided a sufficient 
dose is given so that there is an excess in the tissues. The greater 
tate probably is not due to a suppression of formation of this 
compound from endogenous sources (antiketogenesis) but is more 
easily explained by an acceleration in oxidation caused by glucose 


(ketolysis). 
SUMMARY 


A procedure is described for recovery of 8-hydroxybutyric and 
acetoacetic acids from the hashed tissues of the rat. 
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When /-8-hydroxybutyrate was injected intraperitoneally into 
fasted, nephrectomized rats, the rate of disappearance was found 
to be significantly lower in experiments carried on for 75 and 150 
minute intervals than was noted for animals receiving glucose, 

It is concluded that the rate of disappearance of 6-hydroxy- | py 
butyrate from the tissues is accelerated when glucose is present, 
The decrease in ketonuria noted by us earlier following the 
administration of carbohydrate would seem to be traced to an ( 
increased utilization of the ketone bodies in the tissues. 
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Malonate has long been regarded as a specific inhibitor fot 
succinic dehydrogenase. The original evidence was obtained in 
Thunberg experiments with resting bacterial cultures (1, 2), and 
similar results were later obtained manometrically with brain 
and muscle tissue (3). The apparent specificity of this inhibition 
has led workers to use respiration experiments with malonate as a 
basis for theories of hydrogen transport (4, 5) and of carbohydrate 
breakdown—the ‘“‘citric acid cycle” of Krebs and Johnson (6) 
inasmuch as malonate inhibits the respiration of intact tissue as 
well as of enzyme preparations. However, analytical data of 
Weil-Malherbe (7) suggest that malonate may not act specifi- 
cally on succinic dehydrogenase in intact tissue, even though its 
action on purified enzyme systems be highly specific. Moreover 
Das (8) and Szent-Gyérgyi (9) have pointed out that fumarate 
and succinate differ quantitatively rather than qualitatively in 
their action on malonate-poisoned enzyme systems, and pre- 
liminary data of our own also seemed to indicate that malonate 
might not be a specific inhibitor (10). The experimental basis 
for the citric acid cycle has therefore been reexamined by a study 
of the respiration of the various component acids in the presence 
of malonate. 


EXPERIMENTAL 


All experiments were performed with minced pigeon breast 
muscle. The bird was decapitated, and the muscle removed as 
rapidly as possible, chilled on ice for 2 to 3 minutes, and minced 


*Supported by the Wisconsin Alumni Research Foundation and the 
Jonathan Bowman Cancer Fund. 
183 











184 Malonate in Respiration 


in a chilled Latapie mincer. The mince was collected in a chilled 
Petri dish lined with filter paper moistened with saline solution, 
The tissue samples were weighed on cellophane on a torsion bal- 
ance and the material dispersed in the appropriate solution eon- 
tained in manometric flasks by means of a wire. 

The oxygen consumption of the tissues was measured at 38° 
in the usual way in a standard Warburg apparatus. Unless other- 
wise stated, the medium used was a Ringer-phosphate buffer free 
of calcium, pH 7.4, in which muscle is known to be more sensitive 
to the dicarboxylic acids (11). The buffer was made up in twice 
normal concentration and diluted either with water or with sup- 
plementary solutions. 

The following acids were studied for their effect upon musele 
respiration in the presence and absence of malonate: citric, a 
ketoglutaric, succinic, fumaric, and malic. In addition [(+)- 
glutamic acid was studied, since by oxidative deamination, it 
yields a-ketoglutaric acid (12, 13). The salts and acids were all 
commercial preparations except a-ketoglutaric acid.'. The solu- 
tions of the acids or their sodium salts were neutralized at concen- 
trations of 0.2 m, and further dilutions then made from the neutral 
solution. Fresh solutions were made up at weekly intervals and 
stored at 0° when not in use. Solutions of a-ketoglutaric acid, 
however, were always made up just prior to their use. 

The results of the manometric experiments were expressed in 
e.mm. of O, absorbed per mg. of tissue (dry weight) (11). Most 
experiments were run for 2 hours. In the analysis of results each 
experimental observation was compared with its own control, 
since the respiration of pigeon muscle varies from bird to bird. 
While for convenience, only the averages of many experiments 
have been tabulated, the results themselves were remarkably con- 
sistent. 0.001 or 0.005 m malonate invariably inhibited respira- 
tion as compared to the control, and the other acids invariably 

increased it. A similar consistency was observed when mixtures 
of acids were studied. Respiration was always better in fumarate 
plus malonate than in equimolar succinate plus malonate, which 
in turn was always better than citrate plus malonate. 


1 We are indebted to M. A. Lipton for this preparation 
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Results 


While malonate inhibited muscle respiration in concentrations 
of 0.001 m or less, the most suitable concentration for a compari- 
son of the sensitivity of the various acids to malonate was found 
to be 0.005 m. This concentration of malonate inhibited res- 
piration about 70 per cent, and the various acids studied were 
markedly unequal in their ability to prevent this inhibition. Two 
levels of respiration were used for comparison, (a) the oxygen 
consumed by the unsupplemented control sample, and (b) that 
consumed by tissues supplemented with the various acids in con- 
centrations of 0.001 or 0.005 mM. This latter was designated “‘sta- 
bilized respiration.”” Over a 2 hour period glutamic acid increased 
respifation nearly 50 per cent; the other acids increased respira- 
tion about 30 per cent. 

All of the acids studied stimulated respiration catalytically; 
that is, the extra oxygen consumed in the presence of small 
amounts of the acid was greater than the amount required com- 
pletely to oxidize the added acid. Such data have already been 
reported for fumaric, malic, succinic (11), citric, and a-ketoglu- 
taric acids (6, 14). We have been able to confirm the results of 
Krebs and Johnson with regard to the latter two acids, using 
Ringer-phosphate buffer, and in addition have observed catalysis 
with 1(+)-glutamic acid. The amount of oxygen needed com- 
pletely to oxidize 2 cc. of 0.0004 m glutamic acid is 80.6 ¢.mm. 
The extra oxygen consumed by 33.2 mg. (dry weight) of pigeon 
muscle in the presence of the acid was 249 c.mm. over a 2 hour 
period. 

In Table I the various acids are listed in decreasing order of 
eflectiveness in counteracting malonate inhibition. Fumarate 
and malate were most effective. In the presence of 0.005 m 
malonate, 0.005 m fumarate or malate restored respiration not 
only to the level of the unsupplemented control, but also to that 
of “stabilized respiration.’’ When only half as much fumarate or 
malate was used, 0.0025 mole, the respiration was slightly below 
that of the control sample. 

a-Ketoglutarate was nearly as effective as fumarate or malate. 
In equimolecular amounts of malonate and a-ketoglutarate, 
respiration exceeded that of the unsupplemented control, al- 
though it did not reach that of the “stabilized” samples. 
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Succinate was less effective than a-ketoglutarate in compen- 
sating for malonate inhibition. In equimolecular amounts of 
succinate and malonate, respiration was slightly less than that of 
the unsupplemented control, but when twice as much succinate 
as malonate was used, respiration was restored to the “stabilized” 
level. 


TABLE I 


Respiration of Pigeon Breast Muscle in Presence of 0.005 Mole of Malonate 
and Various Stabilizing Supplements 


All data are expressed as c.mm. of O, absorbed per mg. of tissue (dry 
weight) in 2 hours. 


Respiration in 


presence of supple- Control respiration, 


unsupplemented | No, of 





Acid supplements wnent experi- 
1, hee | 
Malonate ae Malonate| malonete 

I IID, Se ide cla ds xe cow be 11.7 14.3 3.8 13.1 2 
a Se ‘ec Gee 14.3 3.8 13.1 2 
0.0025 ‘‘ fumaric....... “a 13.4 17.0 3.9 14.9 3 
0.005 * «: Souk Kes : 18.6 18.7 4.3 13.4 3 
—™ oa ae Pad 20.5 | 21.7 6.2 19.1 2 
0.0025 “‘ a-ketoglutaric... 12.4 | 18.3 3.8 13.1 2 
0.005 “ = ESE back 16.7 | 20.3 3.3 15.8 5 
Ci.* on tinh canta’ 15.6 18.3 3.5 13.8 3 
0.005 ‘* succinic........... shes 13.3 19.8 4.4 16.2 8 
—_— ~ ee 19.6 19.8 4.4 16.2 8 
0.005 ‘‘ glutamic 10.4 | 24.4 3.9 17.4 3 
7 - 14.0 | 22.7 3.9 17.4 3 
0.005 “ citric... 8.3 19.8 4.4 16.2 8 
8 4.7 16.4 7 


oe. 8.0 19.§ 


Glutamic acid and citric acid were the least effective acids 
in counteracting malonate inhibition. These acids failed to 
restore respiration to the control level even in concentrations 
twice or 5 times? that of the malonate used. When 0.001 M 
malonate, and corresponding amounts of the various supple- 
mentary acids were used, the differences observed between acids 
were less marked than in the presence of the higher level of 


? This latter result should not be stressed, since citrate alone frequently 
inhibits respiration in concentrations above 0.02 m. However, at the 
critical concentration 0.01 Mm, citrate alone stimulated respiration. 
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malonate. However, citrate was again the least effective of all 
in counteracting malonate inhibition. 


TaB_eE II 
Effect of Di(Tri)-Carborylic Acids and Malonate on Respiration of 
Supplemented Pigeon Breast Muscle 
All values are expressed as c.mm. of O, absorbed per mg. of tissue (dry 
weight) in 4 hours. 


— 


Respiration 





Supplements ——— | set, 
Malonate*| N° +6 

0.005 m m: siete + winalio’ juice + ineuila. ....-| 80.8 | 41.9 28 
— § > fe > 8 eae 
—_ i. ™ ~~ a Soe 

eocarboxylase i 39.0 37.7 0 
0.005 m fumarate + musc le | juice + insulin is 29.8 38.2 22 
0.001 “ ™ > oe en eT 29.0¢ | 30.1 3.6 
0.005 ‘ a-ketoglutarate + muscle juice + 

insulin 24.0 31.2 23 
0.01 m a-ketoglutarate + muscle juice + 

Ve Pearse | sue BS 24.8t 0 
0.001 m a hetogiutarate + muscle juice i 

insulin , 9.4¢ | 11.2 16 
0.005 m succinate + muscle juice ‘ insulin. a ee 29.7 43 
0.01 “ ™ > = 2 eee” ask ee 34.0§ 14.2 
0.005 “ sé 7’ ‘s “ + “és + 

cocarboxylase 20.3 38.8 48 
0.005 m succinate + muscle juice we insulin 21.8 34.4 37 
0.005 ‘‘ glutamate + ” ik, re 12.3 40.9 | 70 
0.005 ‘* citrate + muscle juice + insulin 8.3 29.2 71 
—— i CUCU eS) CU *, & aS 9.6 26.5|| | 64 
—— le CU of S 12.2¢ | 15.0 19 











* The malonate concentration is 0. 005 1 M, exce pt w here 0.001 m was used, 


as indicated by f. 
t 0.005 m a-ketoglutarate + muscle juice + insulin. 
§ 0.005 m succinate + muscle juice + insulin. 
] 0.005 m citrate, etc. 


The differences between the effects of the various acids per- 
sisted in the presence of other supplements, as for example, com- 
binations of muscle juice (Kochsaft) (11), insulin, and cocar- 
boxylase. The respiration of tissue thus highly fortified was 
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decreased 28 per cent or less in the presence of equimolecular 
amounts of malonate and fumarate, malonate and malate, or 
malonate and a-ketoglutarate (Table II). In the presence of 
equimolecular amounts of malonate and succinate “fortified” 
respiration was decreased 40 per cent but, as in “unfortified” 
tissue, respiration was increased when the amount of succinate 
was doubled. In fortified tissue 0.005 m malonate decreased 
respiration 70 per cent in the presence of equimolar citrate or 


TaBLeE III 
Increments of Oxygen Uptake during Various Periods of Respiration 
Following Delayed Addition of Supplements 
All data are expressed as c.mm. of O, absorbed per mg. of tissue (dry 


weight). 


Supplements (0.005 ™) Ist 30 2nd 30 3rd 30 | 4th 30 


min, min. min, min. 

Control 4.8 3.3 1.9 1.2 
Malonate at 0 min. 1.9 0.8 0.2 | 0.2 
6 30 5.2 12) 0.4 | 0.3 
Citrate “ 0 ‘* malonate at O min. 2.5 1.1 0.4 | 0.2 
” ae - ae 6.0 1.9 0.7 0.4 
Fumarate *“* 0 “* sha a eee 5.0 3.1 2.1 1.2 
“ Poa. - ** 30 5.3 2.9 | 2.0 | 1.3 
Succinate ‘* 0 ‘“ - * © 4.8 3.9 2.8 1.7 
- ria - “a 3.7 5.0 2.8 2.0 
a-Ketoglutarate at 0 min., malonate at 0 min. 4.8 3.6 | 2.6) 1.8 
“ “g «“ “30 “ | 62) 5.4) 4.4/3.5 
Malonate at 0 min., fumarate at 30 min. 2.2 3.0 2.1 1.5 
r “oO “ guecinate “RD “ 2.1 2.6 2.2 1.4 

- “0 “ a@-ketoglutarate at 30 min. 2.4 2.1 1.2 | 0.6 

e *“Q “ citrate at 30 min. 2.0 1.3 | 0.6 | 0.7 


glutamate. Since malonate inhibition ranged from 60 to 80 
per cent in tissues variously fortified, it is doubtful whether the 
citrate or glutamate had exerted any protective action at all. 
Increased amounts of citrate failed to decrease the inhibition 
materially. 

Malonate was also added to media in which tissues had been 
respiring for 30 minutes in the presence of the various acids, thus 
allowing time for the conversion of the acids into other active 
components as postulated in the citric acid cycle of Krebs and 
Johnson (6). Under these circumstances the effect of the in- 
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hibitor might have been modified. Actually, however, the same 
differences between the various acids appeared as before (Table 
[I]). Citrate was again the least effective acid in compensating 
for malonate inhibition. When malonate was added first, 
followed 30 minutes later by the various acids, fumarate and suc- 
cinate increased the respiratory rate over that of the previous 
period, whereas citrate failed to halt the rapid decline in the rate 
of respiration (Table III). 
DISCUSSION 

The differences in the activity of the various acids in the 
presence of malonate were apparently not due to differences in 
their rates of penetration into the cell, since in the absence of 
malonate the various acids all stimulated respiration to approxi- 
mately the same degree. Such differences as were observed 
could not be correlated with malonate sensitivity, although a 
survey of a large variety of tissues supplemented in various ways 
indicated that citrate catalysis was less frequent than fumarate 
catalysis (10). Glutamate, however, was the most effective acid 
of all in stimulating respiration, although, like citrate, its effect 
was completely nullified by malonate. 

Two explanations might be advanced for the unequal behavior 
of the various acids in the presence of malonate. The first in- 
volves the assumption that malonate acts specifically on succinic 
dehydrogenase. Since the amounts of fumarate and succinate 
normally found in muscle are small, their effect would be com- 
pletely wiped out by added malonate, and respiration would then 
depend upon the rapidity with which the various acids added 
could restore these substances to a concentration sufficient to 
function in hydrogen transport. The ineffectiveness of citrate 
(and glutamate) in restoring the respiration of malonate-poisoned 
tissue would therefore suggest a slow or inefficient conversion of 
citrate to substances necessary in respiration, such as succinate- 
fumarate. The failure of citrate to restore respiration even when 
added 30 minutes prior to the malonate only emphasizes this 
inefficient conversion. However, if citrate is converted to other 
substances only slowly, or with difficulty, this would exclude it as 
amember of an essential respiration cycle, since a basic prerequisite 
for such a cycle is the ready interconversion of its components. 

But citrate unquestionably catalyzes respiration in the absence 
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of malonate (6, 10, 14). This catalysis, however, might not be 
due to the citrate itself, but rather to catalytic substances formed 
from citrate in the presence of tissue, such as the C, acids of 
Szent-Gyoérgyi. This idea has been expressed by Elliott and 
Elliott (15) and Szent-Gyérgyi (9). It is given some support by 
the fact that with malonate, glutamate acts much like citrate, 
Glutamate has not been postulated as a member of the citric acid 
cycle, but is known to yield a-ketoglutarate on contact with 
respiring tissue. 

A somewhat different interpretation of our results involves 
the suggestion of Weil-Malherbe (7) that malonate is not a 
specific inhibitor of succinic dehydrogenase, but that it also 
inhibits other systems in intact tissue. Whereas increased 
amounts of succinate completely compensated for malonate 
inhibition, extra citrate or glutamate failed to do so, suggesting a 
greater, or more permanent malonate sensitivity of the citrate 
and glutamate systems than succinic dehydrogenase itself. 
Isocitric dehydrogenase, however, is not sensitive to malonate 
(16). 

If non-specific inhibition of malonate be assumed, it is still 
difficult to reconcile our results with the theory of a citric acid 
cycle essential for respiration. The inhibition of respiration by 
malonate in the presence of citrate could be attributed to an 
interference with the degradation of citrate, an essential reaction 
in the citric acid cycle. But if this be true, neither fumarate, 
malate, a-ketoglutarate, nor succinate should have been able to 
restore respiration in the presence of malonate, since they can 
hardly be concerned with citrate degradation. Hence, it is 
possible that whereas part of the citric acid cycle may be essential, 
the entire cycle as such is not; and furthermore, that the com- 
ponent parts of the cycle can break down in other ways than those 
postulated. Thus a-ketoglutarate is said to be intermediate 
between citrate and succinate: citrate — — a-ketoglutarate — suc- 
cinate (6, 17,18). One might therefore expect its respiratory activ- 
ity to be like that of citrate or succinate, or somewhat between the 
two. In the presence of malonate, however, a-ketoglutarate was 
definitely more effective in restoring respiration than succinate, 
and very much more effective than citrate. The experiments of 
Hallman and Simola (19) likewise suggest other pathways of 
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degradation. a-Ketoglutarate incubated with muscle yielded 
much more citrate than did any of the other members of the cycle. 


SUMMARY 


1. The respiration of pigeon breast muscle inhibited by malonate 
was effectively restored by the addition of fumarate, malate, or 
a-ketoglutarate. Succinate also restored the respiration, but 
relatively more was needed. Citrate and glutamate completely 
failed to restore respiration when 0.005 M malonate was used, and 
were inferior to the other acids in the presence of lower amounts 


of malonate. 

2. Glutamic acid, like citric, a-ketoglutaric, and the C, acids, 
stimulated respiration catalytically. 

3. An intact citric acid cycle does not appear to be essential 
for the respiration of muscle. The same conclusion is reached 
whether malonate is regarded as a general inhibitor, or as a specific 
inhibitor for succinic dehydrogenase. 
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DETERMINATION OF PARALDEHYDE IN BIOLOGICAL 
FLUIDS* 
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Pathological Chemistry, School of Medicine, University of Texas, 
Galveston) 
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In order to investigate quantitatively the concentrations of 
paraldehyde in blood and urine at various intervals of time after 
the administration of the drug we were in need of a simple, accu- 
rate, and rapid method in which only small quantities of fluid 
would be required for analysis. Apparently the only published 
method for the determination of paraldehyde in biological fluids 
is that of Nitzescu, Georgescu, and Timus (1). This method is 
based on the depolymerization of paraldehyde by sulfuric acid 
and steam distillation of the acetaldehyde thus formed into a 
sodium bisulfite solution. The bisulfite-acetaldehyde complex is 
decomposed with sodium bicarbonate and the bisulfite determined 
by titration with standard iodine solution. No recovery data are 
given by these investigators, nor do they state within what limits 
of error the method is applicable. 

To satisfy our particular requirements we have developed a 
method based on the oxidation of paraldehyde to acetic acid in 
the presence of an excess of a potassium dichromate-sulfuric acid 
mixture. With essentially the same type of apparatus that was 
employed by Newman (2) for the determination of ethyl alcohol, 
the paraldehyde is removed from the specimen of fluid by vacuum 
distillation and bubbled through the oxidizing mixture. In the 
presence of the high concentration of mineral acid the paraldehyde 
depolymerizes to acetaldehyde which is immediately oxidized to 


*This work was supported partly by a grant from the Committee on 
Therapeutic Research (No. 383), Council on Pharmacy and Chemistry, 
American Medical Association. 
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acetic acid. The excess dichromate is determined by iodometrie 
titration with sodium thiosulfate. 

Reagents 

Potassium dichromate-sulfuric acid oxidizing reagent. To |] 
volume of approximately 0.1 N potassium dichromate add 1 volume 
of concentrated sulfuric acid. The acid should be added slowly 
and with adequate cooling. 

Sodium thiosulfate stock solution. Dissolve 24.82 gm. of so- 
dium thiosulfate in water; add 2 ml. of 10 per cent sodium hydrox- 
ide and dilute to 1 liter with distilled water. 

Sodium thiosulfate, 0.025 n. This is prepared by diluting the 
stock thiosulfate and standardizing against potassium iodate. 
1 ml. of 0.025 n sodium thiosulfate is equivalent to 0.5504 mg. of 
paraldehyde. 

Potassium iodide solution, 40 per cent. 

Starch solution, 1 per cent. 

Procedure 

Cover the bottom of a 50 ml. Pyrex Erlenmeyer flask evenly 
with a thin layer of about 8 to 10 gm. of anhydrous sodium sulfate 
(this prevents foaming). Pipette onto this layer 2 ml. (1 ml. may 
be used if desired) of the fluid to be analyzed and stopper tightly 
until ready for analysis. The apparatus is set up as shown in 
Fig. 1. The inlet tube to the oxidizing mixture should have a 
perforated bulb bottom to reduce the size of the bubbles produced 
on distillation. For suction an efficient oil vacuum pump must 
be used. The temperature of the water bath should be kept 
between 65-70°. 

When the sample is ready for analysis, pipette 10 ml. of the 
dichromate reagent into the oxidizing tube (C). Insert the stop- 
per firmly into the neck of this tube, and tighten screw-clamp D 
of the outlet tube to the vacuum pump. With stop-cock A of 
the inlet tube to the Erlenmeyer flask closed, insert firmly the 
2-holed rubber stopper B and suspend the flask in the water bath. 
Start the suction and gradually open the screw-clamp D. In the 
event that foam develops in the Erlenmeyer flask, it may be 
broken by opening momentarily stop-cock A. This operation 
may be repeated if necessary. We have experienced no trouble 
from foaming when a sufficient amount of sodium sulfate was 
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spread evenly on the bottom of the Erlenmeyer flask. The 
yacuum is maintained for 15 minutes. To break the vacuum, 
grew-clamp D, leading to the pump, is closed and stop-cock A 
of the inlet tube to the Erlenmeyer flask is gradually opened. 

The dichromate reagent in the oxidizing tube and that adhering 
to the inside and outside walls of the inlet tube are washed into a 
390 ml. Erlenmeyer flask and diluted to about 100 ml. with dis- 
tilled water. Add 10 ml. of the 40 per cent potassium iodide 























Fie. 1. Apparatus for the determination of paraldehyde in biological 
fuids. A stop-cock of inlet tube, B 2-holed rubber stopper, C oxidizing 
tube, D screw-clamp. 


solution and titrate with 0.025 n sodium thiosulfate, with starch 
4% indicator. It is preferable to add the starch just before the 
end-point, when the color of the solution has changed from yellow 
toayellowish green. Since blood and urine contain small amounts 
of volatile oxidizable substances (3, 4), blank determinations are 
tin with similar amounts of the corresponding biological fluid 
which is known to contain no added paraldehyde, alcohol, or other 
volatile oxidizable substances. For clinical purposes the small 
quantities of oxidizable substance present may be disregarded and 
the blank determination made by pipetting 10 ml. of the dichro- 
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mate reagent into a 300 ml. Erlenmeyer flask, diluting to about 
100 ml. with distilled water, adding 10 ml. of the potassium iodide 
solution, and titrating with the thiosulfate. 

The chemical reactions are represented by the following 
equations. 
2K,Cr.0;+8H:S0, + 2(C:H,O); = 2Cr.(SO,)s + 2K380, + 6C,H,0, + 8H,0 

K,Cr,O; + 6KI + 7H,SO, = 4K,S0, + Cr.(SO,)s + 7H:0 + 31; 
2Na.8.,0; + I, = 2Nal + Na.S,O; 


TABLE | 
Recovery of Known Amounts of Paraldehyde Added to Biological Fluids 
In each case 2 ml. of fluid were taken for analysis. 


Fluid Par 7 yg to ———- » Per cent recovery 

mg. mg. 

Water 25 24 96.0 

64 63 98.4 

70 71 101.4 

105 105 100.0 

135 131 97.0 

147 145 98 .6 

235 238 101.3 

Urine 60 60 100.0 

115 114 99.1 

145 145 100.0 

149 149 100.0 

239 242 101.3 

Blood 18 17 94.4 

23 22 96.0 

51 50 98.0 

55 54 98.0 

62 60 97.0 

134 132 99.0 

148 145 98.0 


205 204 99.5 


Calculation 


((B — A) X 0.5504/V) X 100 = mg. per 100 ml. of fluid, 
where B = ml. of thiosulfate required to titrate the blank, 
A = ml. of thiosulfate required to titrate the unknown, and 
V = ml. of sample taken for analysis. 
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The volume of reagent used will permit determination of paral- 
dehyde concentrations up to 500 mg. per cent with 2 ml. samples 
and 1 gm. per cent with 1 ml. samples. 

The accuracy obtainable by this method is illustrated by the 
data in Table I. 


DISCUSSION 

The values given in Table I are approximately of the order of 
magnitude likely to be encountered in blood and urine following 
the use of paraldehyde in clinical and experimental studies. 
When a microburette graduated in 0.01 ml. was used, duplicate 
determinations were found to check within 1.5 mg. per cent. 
With an ordinary burette graduated in 0.1 ml., duplicate de- 
erminations usually checked within 3 mg. per cent. 

Since this method is based on the removal of paraldehyde 
from the body fluid by vacuum distillation, it is impossible by 
this technique to separate it from other volatile oxidizable sub- 
stances. For this reason the method is not applicable in the 
presence of abnormal concentrations of such volatile substances 
as alcohol or acetone. By this method normal human blood was 
found to contain from 6 to 10 mg. per cent of volatile oxidizable 
material, expressed as paraldehyde. Normal urine was found 
to contain up to 4 mg. per cent. Dog blood contained about 3 
mg. per cent. Since the accuracy of the method is probably no 
grater than within 3 mg. per cent, the values for normal dog 
blood and human urine fall nearly within the range of error of the 
analytical procedure. However, it is of interest to note that if 
the concentrations of the volatile reducing substances in human 
and dog blood were expressed as ethyl alcohol, the value obtained 
would be about 5 mg. per cent for human blood and approximately 
14mg. per cent for dog blood. Gettler, Niederl, and Benedetti- 
Pichler (4), using an especially refined technique, reported the 
average amount of alcohol contained in normal human blood to 
be approximately 4 mg. per cent and in dog blood about 1.3 mg. 
per cent. As there are minute concentrations of volatile oxi- 
dizable materials other than alcohol, the results obtained in our 
control analyses of human and dog blood are in very close agree- 
ment with those of Gettler and his associates. 
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SUMMARY 


A simple, rapid, and accurate method is described for the 
determination of paraldehyde in biological fluids. The paral. 
dehyde is removed from the biological fluid by vacuum distillation 
and bubbled through a potassium dichromate-sulfuric acid oxidiz- 
ing mixture. The excess dichromate is titrated iodometrically 
with sodium thiosulfate. ; 
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THE EXCRETION OF VOLATILE SELENIUM COMPOUNDS 
AFTER THE ADMINISTRATION OF SODIUM SELENITE 
TO WHITE RATS* 


By JULIUS SCHULTZ ann HOWARD B. LEWIS 


(From the Department of Biological Chemistry, Medical School, University 
of Michigan, Ann Arbor) 


(Received for publication, December 22, 1939) 


It is commonly stated (1) that after the administration of 
glenium or tellurium salts, volatile methyl compounds, dimethyl 
slenide or telluride, are excreted through the lungs. This meth- 
ylation has long been regarded as one of the classical examples of 
detoxication by methylation and as such is important biologically. 
When the exhaled gases of a dog injected with sodium tellurite 
were passed through a solution of iodine in potassium iodide and 
the resultant solution was treated with alkali and sodium sulfide, 
the odor of dimethy] sulfide was evolved. Treatment with re- 
ducing agents resulted in the precipitation of metallic tellurium. 
A characteristic garlic-like odor resembling that of dimethyl tel- 
luride was observed in the breath of the experimental animals. 
On the basis of this evidence, Hofmeister (2) concluded that the 
excretory product was dimethy! telluride. 

The greater toxicity of selenium salts prevented the administra- 
tion of sufficiently large amounts of sodium selenite to make 
possible the repetition of the above experiments. Since the odor 
in the breath of animals injected with selenium salts was similar 
to that of synthetic dimethyl selenide and since selenium and 
tellurium are so closely related chemically, Hofmeister was led to 
believe that selenium also was detoxicated and excreted as the 
dimethyl derivative (2). Maasen (3) repeated Hofmeister’s ex- 
periments but did not extend his findings. Although as pointed 


* This research was supported in part by grants from The Faculty Re- 
search and the Rackham Research Funds of the Horace H. Rackham 
School of Graduate Studies of the University of Michigan. 
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out by Challenger (4), ‘‘this conclusion lacks experimental verifieg- 
tion,” acceptance of the biological methylation of tellurium and 
selenium in the animal organism has been general. The methyla- 
tion of these elements by microbial agencies has, however, been 
definitely established (4). 

The excretion of selenium through the kidneys and gut has been 
studied extensively (5, 6). We have been unable to find recorded 
any quantitative study of the excretion of volatile compounds of 
selenium in animals injected with selenium salts. The present 
investigation is concerned with this problem. Since it is usually 
accepted that the chief volatile product is dimethyl selenide, sub- 
stances which might be expected to furnish methyl groups in 
metabolism (e.g., choline and methionine) and to facilitate thus 
the excretion of selenium in volatile form were administered in 
some experiments to the animals which received injections of 
sodium selenite. 


EXPERIMENTAL 


Adult male white rats were injected subcutaneously with a solu- 
tion of sodium selenite containing approximately 1 mg. of selenium 
per cc. at a level of 2.5 to 3.5 mg. per kilo of body weight. The 
rats were then placed in a respiration apparatus and the exhaled 
air was analyzed as described subsequently. 

In some experiments the animals received choline chloride or 
methionine in addition to the selenium salt. Methionine was fed 
as the sodium salt through a stomach tube. Single doses of 
choline chloride were injected in aqueous solution with the sodium 
selenite. In other experiments with repeated administration of 
choline, a somewhat different procedure was followed. On the 
preliminary days and on the day of the selenium injection, the 
rats received a small piece of bread which had been moistened 
with the desired amount of choline chloride solution. This was 
readily consumed and the animals were then fed the standard 
laboratory stock diet of whole wheat bread, milk, and lettuce. 
Control animals received the bread without the addition of the 
choline salt. In each case in which a supplement was admin- 
istered with the selenite, a control animal which received no 
supplement was injected with the selenite. The pairs of animals 
thus studied are designated in Table II by the same letters. Two 
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animals (designated in Table II by the same letter and injec- 
tion number) were always studied in parallel experiments on the 
same day. 
The choice of an absorbent for any volatile selenium compounds 
nted some difficulty. A number of absorbents for dimethy] 


wlenide have been described and used in the study of the bac- 
ierial metabolism of selenium compounds (4). Nitric acid was 
found to remove the volatile selenium compounds from the expired 
air of our experimental animals effectively. Its use in the quanti- 
tative studies was, however, not entirely satisfactory. Since it 
has been generally accepted that the volatile selenium compound 
is dimethyl selenide and since alkyl selenides like ethers or thio 
ethers (7) should be soluble in concentrated sulfuric acid, experi- 
ments were carried out to see whether this absorbent would remove 
volatile selenium compounds from the respiratory gases. Since 
it was proposed to determine the selenium colorimetrically by 
the use of the reaction of selenium salts with codeine (8, 9) and 
since this reaction takes place in concentrated sulfuric acid, the 
desirability of the use of this absorbent was obvious. 

After the injections the animals were placed in the usual type 
of round wire cage inside a respiration chamber (large carboy 
from which the bottom had been removed) which permitted collec- 
tion of the respired gases and through which a current of air was 
slowly drawn. The gases were passed successively through two 
tubes containing hydrochloric acid (1:1), a tube containing 20 
per cent sodium hydroxide solution, and a large absorption tube 
containing glass wool and solid granulated calcium chloride. The 
dry gases then entered a specially designed all-glass absorption 
tube, constructed according to the principle suggested by Nichols 
(10) but of smaller size, which insured intimate contact of the 
gases with the absorbent. In this tube approximately 45 ce. of 
concentrated sulfuric acid were placed. The gases then passed 
through a second tube containing sulfuric acid which was con- 
nected with a vacuum water pump. 

The two absorption tubes containing sulfuric acid are shown in 
Fig. 1. The efficiency of this type of absorption chamber is dis- 
cussed by Nichols (10). The tubes shown were filled with acid 
by closing the stop-cock at the inlet, opening the stop-cock at the 
bottom of the tube, and attaching a vacuum water pump to the 

















202 J. Schultz and H. B. Lewis 

point of exit of the system. We have also used an apparatus ip 
which Tubes A and B were connected by a ground joint and the 
absorption apparatus was connected with the chamber containing 
the acid by ground joints. 

When the current of air was properly regulated, all the selenium 
was found in the first absorption tube containing sulfuric aeid 
and no selenium was present in the second sulfuric acid tube, 
Accordingly, our analyses were confined to the contents of the 


Hi] © | 
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Fic. 1. Tubes A and B which served as containers for the sulfuric acid 
in the absorption of volatile selenium compounds. 


first of the two tubes containing sulfuric acid. The acid was trans- 
ferred from the absorption tube to a Kjeldahl flask, 1 ce. of 30 
per cent hydrogen peroxide was added, and the mixture was gently 
heated for from 20 to 30 minutes on a Kjeldahl digestion rack. 
After cooling, the volume of the digest was measured and 10 ee. 
portions were transferred to test-tubes. 2 drops of an aqueous 
4 per cent solution of codeine phosphate were added, the solution 
being cooled under the tap. The tubes were stoppered and placed 
in the dark for 20 to 30 minutes.! The colors were compared in a 


1 Gortner and Lewis (9) observed that with digests of tissues and feces 
which contained selenium, 5 to 6 hours were necessary for the maximal 
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golorimeter with that developed by 10 ec. of a standard solution of 
sodium selenite in concentrated sulfuric acid. To this standard, 
codeine phosphate was added and 20 to 30 minutes were allowed 
for the development of the color, as with the unknown. In early 
experiments, a series of standards containing from 0.03 to 0.1 mg. 


TABLE I 


Determination of Selenium in Solutions of Known Concentrations of Sodium 
Selenite and in Digests from Absorbed Products of Respiratory Gases 


Unless otherwise indicated, the standard solution used contained 0.1 mg. 
ofselenium. The standards were all set at 20 mm. 


Selenium Colorimetric Selenium 
present reading found 
> mg. mm. mg. 
Series I 0.1 20.4 0.098 
0.08 26.0 0.077 
0.06 33.0 0.061 
0.06 30.0 0.067 
> Fy 0.1 17.3 0.115 
0.08 23.7 0.084 
0.06 29.5 0.068 
-. wl 0.05 20.0* 0.05 
0.08 11.9* 0.084 
Unknown Solution 411 19.1f 0.084 
24.0 0.083 

- ” 4212 26.8 0.0745 
13.5* 0.074 
on nes 4213 31.7 0.063 


17.5* 0.0575 





*Read against a standard containing 0.05 mg. of selenium. 
+ Read against a standard containing 0.08 mg. of selenium. 


of selenium per 10 cc. was prepared and the standard whose reac- 
tion color most nearly resembled that of the unknown was used 
for the more exact comparison in the colorimeter. It was found, 
however, that the accuracy obtained with standards of 0.05 and 
0.1 mg. was sufficient to permit determination of the individual 





development of color in the codeine-selenium reaction. The presence of 
inorganic salts in the digest may have influenced the rate of color develop- 
ment. The digests of the present series contained relatively little material 
other than the selenium derivatives under discussion. 
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variations of the excretion of volatile selenium compounds. This 
is shown in Table I, in which are presented typical recoveries of 
varying amounts of selenium within our experimental range when 


TaBLe II 


Excretion of Volatile Selenium Compounds after Subcutaneous Injection of 
Sodium Selenite 

The letters following the rat numbers refer to the pairs of rats. In each 
case, the pair received the selenium injection on the same day and, when 
choline or methionine was fed to one animal, its control received no supple- 
ment. Except where indicated, the experimental period extended over 


8 hours. 
Selenium 
Ret No Injection Weight Injected Excreted in gases 
Per kilo Per cent | Per kilo 
body of amount body 
weight injected weight 
mg. mg. mg. mg. mg. 
4161-A ] 372 1.30 3.5 
2 350 1.05 3.0 0.298 28 0.9 
x 320 1.00 3.0 0.459 16 1.4 
47 310 0.90 2.9 0.264 28 0.8 
$181-A ] 397 1.40 3.5 0.687f 49 1.7 
2 335 1.00 3.0 0.303 30 0.9 
3 328 1.00 3.0 0.340 34 1.1 
4 314 0.90 2.9 0.164 18 0.4 
1201-B l 350 1.20 3.4 0.625 52 1.8 
2§ 316 0.95 3.0 0.153 16 0.5 
3* 307 0.90 2.9 0.303 34 1.0 
4+ 277 0.83 3.0 0.230 28 0.8 
4202-B 1§ 340 1.20 3.5 0.650 54 1.9 
2 286 0.85 3.0 0.145 17 0.5 
3 272 0.71 2.6 0.242 34 0.9 
4 256 0.77 3.0 0.222 29 0.9 
$212-( ] 253 0.75 3.0 0.335 45 1.3 
2§ 247 0.67 2.7 0.152t 23 0.6 
3 200 0.60 3.0 0.178 30 0.9 
4* 232 0.70 3.0 0.228 33 1.0 
5t 213 0.65 3.0 0.470 72 2.1 
$213-C 1§ 238 0.70 3.1 0.295 42 1.2 
2 212 0.65 3.1 0.195f 30 0.9 
3 200 0.60 3.0 0.169 28 0.8 
4 217 0.70 3.2 0.198 28 0.9 
5 211 0.65 3.1 0.162 25 0.8 
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TaBLe IIl—Concluded 


Rat No. anigeon Weight 
Z_ mg. 
4221-D l 208 
2 206 
3° 203 
4t 196 
4231-D 1§ 223 
2 232 
3 227 
i 221 


Excreted in gases 


Per cent Per kilo 
of amount body 
injected weight 


Selenium 
Injected 

Per kilo 

body 

weight 
mg. mg. mg. 
0.60 2.9 0.202 
0.60 2.9 0.248 
0.60 3.0 0.210 
0.60 3.1 0.210 
0.65 2.9 0.207 
0.69 3.0 0.328 
0.70 3.1 0.250 
0.65 2.9 0.228 


mg 
34 1.0 
41 1.2 
35 1.0 
35 1.1 
32 0.9 
47 1.4 
35 1.1 
35 1.1 


* Injection of 50 mg. of choline chloride at the same time as the selenium 
injection. Rat 4221-D received only 30 mg. 
t The animals received 100 mg. of choline chloride daily in the diet for 
$to 5 days previous to the selenium injection. 


t Experimental period 24 hours. 


§ Received 0.454 gm. of methionine 3 to 4 hours before the injection of 


selenium. 


| Experimental period 9 hours. 


read against 0.05 or 0.1 mg. standards. 
three typical unknowns show essentially the same values with 
We were convinced from this and 
similar control experiments that the method was sufficiently 


standards of 0.05 to 0.1 mg. 


accurate for our purposes. 


The rest 


ilts presented for 


The results of our experiments are presented in Table II. Rats 
which received 2.5 to 3.5 mg. per kilo of selenium as sodium sele- 
nite without either choline or methionine excreted within 8 hours 
from 17 to 52 per cent of the selenium injected as a volatile 
selenium compound which could be absorbed by concentrated 
sulfuric acid. This corresponded to an excretion of 0.5 to 1.8 mg. 
of selenium per kilo. The administration of either methionine or 
choline chloride failed to influence the excretion of the volatile 
selenium compounds with two possible exceptions. Rat 4202-B 
excreted 54 per cent of the selenium injected in volatile form after 
the first injection when methionine was fed. 
creted after the subsequent injections was significantly less, but 


The amount ex- 
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it should also be noted that the paired mate of the animal, Rat 
4201-B, excreted 52 per cent even though no methionine were fed. 
Rat 4212-C which received daily feedings of 100 mg. of choline 
chloride for several days previous to the fifth injection of sodium 
selenite excreted 72 per cent, or 2.1 mg. of selenium per kilo, 
This is the highest value observed in thirty-three determinations, 

In twenty experiments in which selenite was injected, the aver- 
age excretion of selenium as volatile selenium compounds absorbed 
by concentrated sulfuric acid was 1.0 mg. per kilo of body weight. 
When choline chloride or methionine was administered also, the 
average excretions per kilo of body weight were 1.0 mg. of selenium 
in seven experiments with choline and 0.8 mg. in four experiments 
with methionine. The two extraordinarily high values discussed 
have been omitted in the calculation of these average values. It 
is evident that the excretion of volatile selenium compounds does 
not vary significantly and under our experimental conditions is 
not materially influenced by the ingestion of choline or methionine, 
This is of interest in view of the recent studies of methionine and 
choline in relation to fatty livers (11) and methylation of homo- 
cystine (12). 

The values represent, so far as we have been able to discover, 
the first quantitative study of this kind. The excretion of sele- 
nium in the urine, feces, and bile has been determined. Gortner 
and Lewis (6) found that 18 to 70 per cent of orally ingested 
selenium in experiments extending over considerable periods of 
time was excreted in the feces, although over 50 per cent of the 
rats used excreted from 21 to 39 per cent of the ingested selenium 
in the feces. Smith and coworkers (5) found that the cat excreted 
from 50 to 80 per cent of injected selenium in the urine. 

The rat, in contrast to the cat, is not readily susceptible to 
intoxication with sodium selenite. This lower toxicity in the rat 
may be related to the rapid formation and excretion of volatile 
selenium products through the lungs, while in the more susceptible 
cat, the selenium may combine with the tissues and be excreted 
more slowly. In the rat, 30 to 40 per cent of the injected sele- 
nium was found to be excreted in volatile form in 8 hours, while 
in the cat, 24 to 50 hours were required to excrete the same per- 
centage of the ingested selenium in the urine. 

In conclusion, it may be pointed out that the present study does 
not afford evidence of the nature of the volatile selenium com- 
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d, other than its property of being absorbed by concentrated 
sulfuric acid. Further studies designed to demonstrate whether 
this substance is actually dimethyl selenide, as postulated by Hof- 
meister (2), are in progress. The possibility that other volatile 
selenium compounds, not absorbed by concentrated sulfuric acid, 
are also present has not, of course, been excluded. 


SUMMARY 


When sodium selenite (2.5 to 3.5 mg. of selenium per kilo) 
was injected subcutaneously into adult white rats, from 17 to 52 
per cent of the injected selenium was excreted within 8 hours 
as a volatile compound which was absorbed by concentrated sul- 


furie acid. 

Under the conditions of these experiments, the excretion of this 
type of volatile selenium compound was not increased by the 
administration of either methionine or choline chloride. Since 
Hofmeister had postulated that the volatile selenium compound 
excreted was dimethyl selenide, these compounds were admin- 
istered as potential sources of methyl groups which might assure 
more ready methylation. It is pointed out, however, that Hof- 
meister’s hypothesis of the nature of the selenium compound lacks 
adequate experimental proof. 
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THE DISTRIBUTION OF KETONE BODIES IN TISSUES* 


By HELEN C. HARRISON anp C. N. H. LONG 


(From the Laboratory of Physiological Chemistry, Yale University School 
of Medicine, New Haven) 


(Received for publication, January 11, 1940) 


Evidence has been accumulating that the liver is the chief site 
of ketogenesis and that destruction of ketone bodies occurs mainly 
in the extrahepatic tissues. Embden and Kalberlah (1) and sub- 
sequently Snapper, Griinbaum, and Neuberg (2), using the per- 
fusion technique of Embden, offered experimental evidence that 
the liver is the site of ketone body formation. The results of in 
vitro studies of Quastel and Wheatley (3), Jowett and Quastel 
(4), and Edson (5) have all supported this hypothesis. Mirsky 
(6) showed that completely eviscerated rabbits fail to develop a 
ketosis in response to injection of anterior pituitary extract, while 
rabbits in which only the liver remains intact do respond to the 
ketogenic action of these extracts. Evidence that destruction of 
ketone bodies is mainly the function of the extrahepatic tissues has 
been furnished by the same authors (2, 7-11). 

The present experiments were undertaken in an attempt to 
study simultaneously in the intact animal the production and the 
utilization of ketone bodies, by determination of the concentra- 
tions of these substances in liver and muscle cells at various stages 
during the ketosis produced by several methods. 


Chemical Methods 


Total ketone bodies (acetone, acetoacetic, and 6-hydroxybutyric 
acids) of blood and tissues were determined by a slight modifica- 
tion of the Van Slyke and Fitz method (12), the difference being 
in the method of precipitation of proteins and other interfering 


substances. 


* The data in this paper are taken in part from a dissertation presented 
by Helen C. Harrison in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy, Yale University, 1939. 
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Samples of liver or muscle are frozen immediately upon remoyal 
from the animal and kept in a frozen state until analysis is possible. 
The tissue is weighed in the frozen state. A sample of liver or 
muscle weighing approximately 4 gm. is cut into small pieces, 
ground thoroughly in a mortar with clean sand and a small 
amount of water, and the macerated tissue transferred quantita- 
tively to a 250 cc. volumetric flask, about 50 cc. of distilled water 
being used for this operation. The protein and other interfering 
substances are precipitated with 50 cc. of a 20 per cent copper 
sulfate solution and an equal volume of 10 per cent calcium 


TABLE I 


Recovery of Added B-Hydrorybutyric Acid from Muscle and Liver 


8-Hydroxybutyric Musele Liver 
acid added 53 : nn 
Acid recovered Per cent recovered Acid recovered Per cent recovered 
mg. mg. mg. 
1.11 0.96 86.0 1.08 97.5 
i.11 1.21 109.0 
1.20 1.23 102.5 
1.20 1.21 100.7 
1.20 1.21 100.7 
2.22 2.27 102.0 2.15 97.0 
2.22 2.15 97.0 2.26 102.0 
2.22 2.29 103.0 2.29 103.0 
5.56 6.08 109.0 5.78 104.0 
5.56 6.24 112.0 5.81 104.5 
11.12 13.1 118.0 11.85 106.5 


hydroxide suspension. A similar technique of protein precipita- 
tion has been used by Edson (5). The determination of total 
acetone bodies in the filtrate is carried out by the gravimetric 
method of Van Slyke and Fitz (i2), with small sintered glass 
filters, No. 10G4. 

The reliability of the method was checked by recovery experi- 
ments. Weighed amounts of dl-8-hydroxybutyric acid were 
added to samples of liver and muscle of approximately 4 gm. 
in weight and determinations of 8-hydroxybutyric acid made. 
The results are given in Table I. In the analyses of tissues 
reported in the present investigation, the concentrations of 
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#hydroxybutyric acid determined were in the range in which the 
recoveries were equal to the theoretical amounts present. In the 
interpretation of results, the accuracy of the method is taken to 
be +10 per cent. 

The copper sulfate-calcium hydroxide method of protein pre- 
cipitation was used in preparing blood filtrates and total ketones 
were determined in the same manner as described for tissues. 


Tissue Analysis 


From the determination of the concentration of ketone bodies 


| in plasma, liver, and muscle, estimations of the concentrations of 
| these substances within the liver and muscle cells were made 


according to the method of Harrison, Darrow, and Yannet (13). 
The proportions of extracellular and intracellular water of rat 
liver and muscle have been determined by Harrison and Darrow 
(14), and their results have been used. The concentration of 
ketones in the extracellular water is assumed to be the same as in 
plasma water. The actual method of calculation may best be 
demonstrated by an example. 

If Ket. is used to represent the concentration of total ketones, 


| the concentration in muscle cell water may be calculated as shown 


in the following specific example. 


Ket. issms = 76.7 mg. per 100 cc. (by analysis) 
Ket.piasma water 18 then 76.7/0.93 = 82.5 mg. per 100 cc. 
Ket.muscle = 11.3 mg. per 100 gm. (by analysis) 


Since 12 per cent of muscle weight is extracellular water, in 
which the concentration of ketones is the same as in plasma water, 
the amount of ketones present in the extracellular fluids of muscle 
s calculated to be Ket. piasma water X 0.12 = 9.9 mg. 

If this amount be subtracted from the total ketone body content 
of muscle, the amount of ketones present in the muscle cells is 
obtained. The intracellular water of muscle is taken to be 63 
per cent of the fresh muscle weight. Therefore, the concentra- 
tion of ketones in muscle cell water is 1.4/0.63 = 2.2 mg. per 
100 ec. of cell water. 

Similar calculations can be made for liver, in which the extra- 
cellular water is taken to be 20 per cent and the intracellular 
Water 50 per cent of the weight of the liver tissue. 
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Procedure 


Male rats from a single colony, weighing between 150 and 299 
gm., were used. Five groups of experiments were performed, 
In Group I rats were fasted after receiving the stock diet of 
Purina Fox Chow and the animals sacrificed after 24 to 72 hours 
of fasting. Group II was fasted for 48 hours and then injected 
subcutaneously with from 0.8 to 1.0 cc. of an alkaline extract of 
beef anterior pituitary, prepared according to the method of 
Burn and Ling (15). The animals were sacrificed 2 hours after 
the injection. Ketosis was induced in Group III by fasting rats 
for 72 hours after a high fat diet (40 per cent fat) was fed. Group 
[IV was fasted and 50 mg. of phlorhizin in 1 cc. of olive oil were 
injected subcutaneously. Of this group, some rats were fasted 
24 hours, injected with phlorhizin, and sacrificed 6 hours after the 
injection. Others were fasted 48 hours and injected once daily 
with phlorhizin during this time. The ketosis studied in these 
four groups may be considered to be of endogenous origin. 

In Group V ketosis was induced by the administration of 6- 
hydroxybutyric acid. The dl-8-hydroxybutyric acid, neutralized 
to pH 7.4 with n sodium hydroxide, was administered either by 
intraperitoneal injection or by gavage to rats fasted 24 hours. 
Varying amounts of the salt were given and the animals sacrificed 
after 4 hours. 

At the end of the experimental period all animals were anesthe- 
tized with nembutal. Blood was taken from the abdominal 
aorta, the entire liver removed, and a sample of muscle taken from 
the hind extremities for analysis. The liver and muscle were 
frozen immediately upon removal. Total ketone bodies were 
determined by the method described and calculation of the con- 
centration within the liver and muscle cells made. The results 
are given in Tables II and III. 


Results 


In Table II the results obtained in the experiments when the 
ketosis was of endogenous origin are given. The ratio of the 
concentrations of ketone bodies in liver cell water to plasma 
water, Ket.,/Ket.,, and in muscle cell water to plasma water, 
Ket.,,/Ket.,, are shown in the last two columns of Table IL 
The data are arranged according to increasing concentrations of 
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Distribution of Ketone Bodies* in Blood, Liver, and Muscle Following 
Production of Ketosis by Fasting, Anterior Pituitary 


and Phlorhizin 


Group No. Blood | Liver Muscle —— 
mg. mg. mg. mg. 
per 100 | per 100 | per 100| per 100 
ec. gm. gm. ee. 
I. Fasted 48 hrs. 1.4 4.0 2.0 
after stock 1.4 0 2.0 
diet 2.6 5.2 0 3.6 
4.0 4.2 5.6 
4.5 4.9 7.0 
12.5t) 11.2) 0O 17.5 
21.7t 17.2 0 30.4 
28 .0 21.0 3.1; 39.2 
36.5t| 24.7) 8.0) 51.0 
Il. Fasted;injected 7.8 6.6 10.9 
with anterior 16.7 15.5 23.3 
pituitary ex- | 17.2) 10.1 24.0 
tract 19.1 0.9 26.6 
22.0 23.1 3.0, 30.8 
28.8 17.7 2.1) 40.4 
30.0 3.3; 42.0 
34.4 37 .7 47.0 
39.5 30.3 55.1 
39.6 | 22.0| 6.9) 55.4! 
59.0 | 53.5) 11.3) 82.5 
Ill. Fasted 72 hrs. 55.5 | 38.8 10.6, 77.5 
after high fat 58.3 | 30.4 21.4 81.5 
diet 65.4 48.1, 18.9) 91.3 
66.6 37.5) 20.3 93.0 
IV. Fasted; injected 27.4 17.0 38. 2| 
with phlorhi-| 45.5 | 36.1 14.7) 63.5 
zin 82.0 61.5) 27.1) 114.5 
89.6 | 69.0, 22.9 125.0) 
120.4 | 86.6 50.4 168.0 
134.0 | 124.5 54.0 187.0 
140.0 | 88.5) 61.2) 195.5 
163.5 | 130.0 90.5 228.0 
179.5 | 123.8 72.0 251.0 


268.0 | 314.0 139.0 375.0 


Average. . 





* Expressed as 8-hydroxybutyric acid. 
t Female rats, fasted 72 hours. 


Liver 
cell 
H:O 


mg. 
per 100 
ce. 


ou 


59.8 
37.8 
18.6 
46.8 
67.0 
88.0 


| 106.0 
| 174.2 


99.0 
169.0 
147.2 
478.0 


Muscle 
cell 
H:O 


mg. | 
per 100 
ce. 


5 Si 


Extract, 
| Kety | Ket.m 
| Ket.p | Ket.» 
0.89 0O 
0.73 | 0 
0.67 | 0 
0.57 | 0.06 
0.81 

0.93 

0.44 

0 
1.09 | 0 
0.44 0 
0 

1.17 

.70 

0.39 | 0 
0.90 | 0.03 
0.60 | 0.03 
0.35 | 0.23 
0.65 | 0.14 
0.41 0.16 
0.49 | 

0.74 | 0.17 
0.59 | 0.18 
0.70 | 0.10 
0.63 | 0.29 
0.93 | 0.27 
0.51 | 0.31 
0.74 | 0.44 
| 0.59 | 0.26 
1.28 | 0.40 
0.70 
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ketone bodies in plasma within each of the four groups. It is | con 
) apparent from Table II that the findings in liver and muscle are | cal 
markedly different. Cor 
Tape III 
Distribution in Liver and Muscle of B-Hydroxrybutyric Acid 4 Hours 
after Injection wi 
Rats fasted 24 hours; 6-hydroxybutyric acid injected intraperitoneally | . 
or by stomach tube in varying amounts; rats sacrificed 4 hours after ad- , : 
ministration of acid. | At 
PSs. c 
Whol Pl Liver cell | Musel Ket.: | Ket. 
blood Liver Muscle ony sy us yl =< Kan a 
mg. = mg. per mg. per mg. per =. per mg. per 1 ane by 
100 ec. 100 gm. 100 gm. 100 ec, 100 ce. 100 cc. mt 
8.4 5.2 0 11.8 5.6 | 0 0.47 | 0 hy 
12.5 12.7 1.2 17.5 18.4 0 1.05 0 bo 
18.7 8.7 0 26.5 6.8 0 0.26 0 
22.0 22.7 7.2 30.4 33.2 5.6 1.10 0.18 th 
23.1 10.5 2.7 32.3 8.0 0 0.25 0 mil 
36.8 14.1 3.0 39.6 12.4 0 0.31 0 cel 
27.3 13.3 0 38.1 11.4 0 0.30 0 
27.4 20.6 2.6 35.6 27.0 0 0.76 o--, s 
27.9 31.0 5.8 39.0 46.4 0 1.18 0 
32.5 19.1 1.5 34.9 25.4 0 0.73 | 0 pr 
34.8 19.5 3.7 48.8 19.4 0 0.40 0 mM 
36.8 20.1 2.5 39.6 24.4 0 0.62 0 K 
38.0 19.3 5.5 53.3 17.2 0 0.32 0 in 
41.8 37.6 0 58.5 51.8 0 0.89 0 
48.5 29.0 14.0 68.0 30.8 6.7 0.45 | 0.10 
54.2 15.3 13.0 75.8 60.4 3.9 0.80 | 0.06 
58.4 44.9 13.8 81.8 57.0 6.3 0.70 0.08 
61.7 37.5 15.0 86.5 40.4 7.3 0.47 0.08 ke 
69.0 42.3 14.7 96.5 46.0 1.9 0.48 0.06 th 
86.8 61.8 21.4 121.5 75.2 7.6 0.62 0.10 n 
121.8 93.2 52.7 170.5 118.4 51.3 0.69 0.30 
126.5 83.0 51.9 177.0 95.2 48.8 | 0.54 | 0.2 gt 
135.2 86.3 45.7 189.0 96.8 36.3 0.51 | 0.19 W 
154.5 121.0 53.6 216.0 155.2 44.0 0.72 0.20 D 
175.0 97.6 63.6 245.0 97.2 54.2 0.40 0.22 0 
200 .0 147.2 83.1 280 .0 182.4 78.6 0.65 0.28 k 
Average... 0.60 ir 
ial i 7 = 8 
Ketone bodies are found within the liver cell whenever they u 
are found in the plasma. The ratio Ket.,/Ket., is relatively 
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sonstant at all levels of plasma concentration. No ratios were 
calculated for the first few animals in Group I in which the plasma 
concentration is very low, since at these low levels errors in 
analyses would invalidate such calculations. It may be seen 
that there is no systematic difference in the ratio Ket.,/Ket., 


| with increasing concentrations of ketones within a single group 


or among the different groups. 
In the muscle, however, the findings are radically different. 


| At relatively low concentrations of ketones in the plasma no 


ketones are found in the muscle cell. The small amounts found 
on analysis of muscle tissue can be approximately accounted for 
by the estimated concentration in the extracellular water of the 
muscle. Thus, for example, at plasma concentrations of £- 


} hydroxybutyric acid as high as 50 mg. per 100 cc., no acetone 


bodies are found in the muscle cell water. At concentrations in 
the plasma of 70 mg. per 100 cc. and higher, ketones appear in the 
muscle cell water and the amount increases with increasing con- 
centrations. 

The results of the experiments in which dl-8-hydroxybutyric 
aid was administered are given in Table III. Here, as in the 
preeeding experiments, the marked difference between liver and 
muscle is also apparent in the relative constancy of the ratio 
Ket.,/Ket., and the increasing value of Ket..,,/Ket., with increas- 
ing plasma concentrations. 


DISCUSSION 


The presence of ketones in the liver cell at the early stages of 
ketosis is in agreement with the findings of previous investigators 
that these substances are the product of liver metabolism. The 
rapidity of response of liver metabolism to treatment with keto- 
genic substances is shown by the experiments in which phlorhizin 
was injected as well as by the experiments in which anterior 
pituitary extract was given. Within 6 hours after the injection 
of phlorhizin to a rat, previously fasted 24 hours, high levels of 
ketones are found in the liver and in the plasma. In experiments 
in which anterior pituitary extract was injected, the animals were 
sacrificed 2 hours after the injection and at this time there was an 
increase in concentration of ketones in the liver cell. 

The relative constancy of the ratio Ket.,/Ket., at low and high 
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levels of ketones in the blood plasma indicates that these gyb. 
stances readily diffuse through the liver cell membrane. Accumy- 
lation of acetone bodies in unusually high concentration within the 
liver cell, therefore, does not occur, despite active formation 
within the liver, but there is an apparent equilibrium between the 
liver cells and the extracellular fluids. This is, in reality, not a 


‘ 


static equilibrium, but rather a “‘steady state,’’ inasmuch as con- 
tinued production of ketones within the liver cell is taking place. 
The apparent paradox of a lower concentration within the liver 
cell than in the extracellular fluids, despite the fact that the 
diffusion is from the liver cell to the extracellular fluids, is prob- 
ably to be explained by the high concentration of protein in the 
cellular fluid of the liver. Inasmuch as $8-hydroxybutyrie acid 
at the pH of the body fluids must exist as an anion, the equilibrium 
between the cell and the extracellular fluids might be expected to 
show the relationships predicted by the Donnan theory of mem- 
brane equilibrium. Studies of the distribution of §-hydroxy- 
butyric acid and total ketone bodies between red blood cells and 
plasma were made. The average ratio of the concentration in 
red blood cell water to that in plasma water was found to be 0.5. 
This is of the same order of magnitude as the distribution ratio 
for chlorides as determined by Van Slyke et al. (16). 

Ketone bodies are not found within the muscle cell at times 
when they are present in the liver cell and in the extracellular 
fluids. It is unlikely that the absence of ketone bodies within the 
muscle cell at such times is due to a relative impermeability of the 
muscle cell membrane, since perfusion experiments have shown a 
rapid disappearance of both acetoacetic and 8-hydroxybutyric 
acids from the perfusion fluid upon circulation through musele. 
Moreover, the cell membranes of other tissues such as liver and 
red blood cells are freely permeable to ketone bodies. 

If, therefore, the muscle cell membrane is permeable to ketone 
bodies, the absence of these substances within the muscle cell must 
be an indication of a rapid transformation of these substances to 
compounds which no longer react with Denigés’s reagent. The 
disappearance of ketones from the muscle cell must be sufficiently 
rapid so that at relatively low levels of ketones in the extracellular 
fluids transformation or destruction of these substances occurs as 
rapidly as diffusion into the cell, thus permitting no accumulation. 
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As the concentration outside the cell rises, the rate of diffusion 
jnto the cell presumably increases, so that a greater concentration 
of ketone bodies within the muscle is found. It is not necessary 
to assume that the increase of ketones in the muscle is the result of 
impairment of utilization by the muscle cell. 

The effect of fasting, anterior pituitary extract, and phlorhizin 
in producing ketosis is evidently on liver ketogenesis. The 
similarity in findings in the experiments in which ketosis was of 
endogenous origin and those in which §-hydroxybutyric acid was 
injected suggests that the utilization of ketone bodies by muscle 
tissue is not inhibited following fasting or the administration of 
anterior pituitary extract and phlorhizin. 


SUMMARY 


1. Determinations of the distribution of ketone bodies between 
extracellular water and the cell water of rat liver and muscle 
have shown that these two tissues are entirely different with 
respect to their metabolism of 8-hydroxybutyric and acetoacetic 
acids. 

2. When ketosis of endogenous origin is produced by fasting, 
treatment with anterior pituitary extract, or injection of phlorhi- 
tin, there is found to be at all times an increased concentration of 
ketone bodies in the liver cell water. The ratio Ket.;/Ket., re- 
mains constant, within the limits of error of the techniques em- 
ployed, at all levels of plasma concentrations. 

3. In contrast to the findings in liver, appreciable amounts of 
ketones are not found in muscle cell water until the concentration 
in the plasma is elevated to about 70 to 80 mg. per 100 cc. (ex- 
pressed as 8-hydroxybutyric acid). Above this level, as the 
concentration in the plasma increases, the amount in the muscle 
cell also increases. The distribution ratio Ket.,,/Ket., increases 
with increasing concentrations of ketones in the plasma, but this 
value never reaches the value for Ket.,/Ket.,. 

4. The distribution of ketone bodies in the liver and muscle 
following administration of 8-hydroxybutyric acid is found to be 
similar to that observed when ketosis is of endogenous origin. 

5. The evidence indicates that the ketogenic effects of fasting, 
anterior pituitary extract, and phlorhizin are due to their action 
upon the metabolism of the liver cell, as a result of which there is 
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an increased ketone body production. The results further indj- 
cate that ketones are utilized by the muscle cell. 
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ESTROGENS WITH OXYGEN IN RING B 
III. 6-KETO-a-ESTRADIOL 
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(Received for publication, December 13, 1939) 


The conversion of equilin into 7-hydroxyestrone, and of the 
latter into A¢s-isoequilin has been described in Papers I and II 
of this series (1). An alternative route for the synthesis of estro- 
gens possessing a double bond between carbon atoms 6 and 7 
leads over derivatives substituted with oxygen in position 6. 
This pathway, however, was not explored beyond the stage of the 
last intermediate, the 6-hydroxy compound, because it is inferior 
to the synthesis already reported in regard to yields. The new 
estrogens obtained are nevertheless of interest, because they per- 
mit a comparison of the influence on physiological activity of a 
functional group in position 6 with the effect of a similar group in 
position 7. In the present communication we describe the prepa- 
ration and properties of 6-keto-a-estradiol, and of an acidic by- 
product in which Ring B is partially degraded. 

The introduction of a keto group in position 6 of estrone! or 
a-estradiol can be accomplished by treatment of their acetates 
with chromic acid at room temperature. In our own studies, we 
preferred a-estradiol diacetate as the starting compound, because 
both functional groups are protected and the points of attack thus 
limited. Furthermore, the material not attacked in the reaction 
can be readily separated from the ketonic reaction product by 
means of Girard’s reagent, while in the case of estrone acetate, 


* Commonwealth Fund Fellow, 1938-39. 

'The experiment with estrone acetate has been carried out by Dr. E. 
Schwenk of the Schering Corporation and will be reported in a separate 
communication. 
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which is itself ketonic, the separation has to be effected by frag. 
tional crystallization. About half of the weight of the starting 
compound is converted into acids by the treatment with chromic 
acid under the conditions employed; the neutral fraction was 
treated with Girard’s reagent and yielded 20 to 25 per cent of the 
original weight in the form of ketones. From the non-ketonic 
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Fic. 1. Absorption spectra of 6-keto-a-estradiol (Curve 1) and of its 
diacetate (Curve 2). 


portion some of the starting compound could be recovered. The 
ketonic fraction crystallized readily, but proved to be inhomo- 
geneous. By fractional crystallization a substance melting at 
173™ could be separated, which according to the analysis was 
the expected diacetate of 6-ketoestradiol. The less soluble 
fractions which melted, with decomposition, over a range from 


? All melting points reported in this paper are corrected. 
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250-265°, failed to yield a pure compound on repeated recrystal- 
jization. Since in contradistinction to the diacetate this fraction 
coupled with p-nitrodiazobenzene, some hydrolysis had obviously 
taken place, probably during the splitting of the betaine hydrazone 
with hydrochloric acid. The high melting material was therefore 
hydrolyzed with alkali, when it readily yielded the free ketodiol, 
which melts at 283° (1). For later runs the whole ketonic fraction 
was hydrolyzed directly, or converted into the diacetate by re- 
acetylation. The ketonic function of the newly introduced oxygen 
atom was ascertained by the preparation of a semicarbazone. 
The characteristics of the ultraviolet spectrum (Fig. 1, Curve 1) 
clearly indicate that the keto group is situated in a position to 
the phenclic ring. The extension of the conjugated system by 
the carbon-oxygen double linkage is evident in the emergence 
of a new band at 326 my (e = 3000), while a more intense band 
at 256 mu (« = 8000) has appeared in place of the minimum 
oecupying this region in the spectrum of estradiol. In the absorp- 
tion curve of the diacetate (Fig. 1, Curve 2) the two maxima are 
shifted towards lower wave-lengths, an effect which generally 
attends the esterification of the phenolic hydroxyl groups in 
estrogens. 

The specific rotation of 6-keto-a-estradiol in alcohol is +4°, 
that of a-estradiol in the same solvent +81°. The marked 
decrease of dextrorotation brought about by the introduction of 
the 6-keto group is in accordance with the analogous case of 
testosterone ([a], = +109°) (2) and 6-ketotestosterone ({a], = 
—58°) (3). 

On treatment with acetic anhydride in the presence of anhy- 
drous sodium acetate only the two preformed hydroxy groups in 
6-ketoestradiol are esterified, whereas under the same conditions 
the keto group in 7-ketoestrone reacts with the formation of a 
Tenol acetate. In the latter case the enolization is obviously 
called forth by the tendency to extend the conjugated system by 
the addition of a 6-7 double bond. For the 6-ketone, on the 
other hand, the absence of enolization is ascribable to the fact 
that the keto group is already a part of the conjugated system. 

The physiological potency of the 6-keto-a-estradiol was found 
to be 3 million rat units per gm. (estrone = 1 million rat units 
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per gm.).? Since with the method employed a-estradiol con- 
sistently assayed 12 million rat units per gm., it follows that the 
introduction of the keto group has diminished the potency 4 
times. The unfavorable effect of a keto group in position 6 is 
much less pronounced than that of one at carbon atom 7, whereby 
the physiological potency is decreased to about 1/300 of that of 
the parent estrogen. 
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The acidic fraction resulting from the treatment of a-estradiol 
diacetate with chromic acid is a syrup of bright yellow color. 
In two instances material of this description when dissolved in a 
small volume of acetone deposited, on prolonged standing in the 
ice box, crystals which after purification melted sharply at 144- 
145°. The analytical composition C2,:H.,O; indicated that the 
two acetoxy groups were still present, but that 1 carbon atom had 
been lost in the course of the oxidation. This was borne out by 


* The assay was carried out by Dr. C. Mazer of Philadelphia, to whom we 
wish to express our sincere thanks. The details of the method have been 
given in a previous publication (4). 
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scombined titration and saponification experiment which revealed 
one free carboxyl group and two saponifiable ester groups. These 
findings suggest that the compound is a keto acid possessing the 
structure (11). We assume that the first intermediate in the 
further oxidation of 6-ketoestradiol diacetate is a 6,7-diketone. 
Such a compound would show a strong tendency to enolize with 
the formation between carbon atoms 7 and 8 of a double bond 
which would furnish the preferential point of attack for the 
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Fig, 2. Absorption spectra of the keto acid, C2:HaO; (Curve 1), and 
of its enol lactone (Curve 2) 


following oxidative cleavage. The resulting diketo acid, in 
which the keto groups are derived from C. and Cs, and the car- 
boxyl group from C;, would be decarboxylated immediately 
to (II). As will be pointed out below, very little if any dicar- 
boxylic acids are present in the crude acidic fraction resulting 
fom the oxidation with chromic acid. The above reaction 
mechanism, which postulates that the primary cleavage occurs 
between C; and Cs, and not between C, and C;, provides an 
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explanation for this finding. If a 6,7-dicarboxylic acid were the 
first product resulting from the cleavage of Ring B, it should 
certainly be demonstrable in considerable quantity among the 
oxidation products, since there is no reason why such a structure 
should readily undergo oxidative decarboxylation to (II). 

By treatment with hot acetic anhydride in the presence of an- 
hydrous sodium acetate the acid is converted into a non-acidie 
crystalline compound which melts at 153°. Since, as the analysis 
shows, | molecule of water has been lost in its formation, it must 
be an enol lactone (III). The extension of the conjugated system 
by the new enolic double bond 8-9 should manifest itself in a shift 
of light absorption towards the red end of the spectrum. A 
comparison of the absorption curves of the keto acid and the 
lactone (Fig. 2) shows that this is indeed the case. The band 
at 254 my is displaced to 279 my and somewhat enhanced in height 
by the establishment of the enolic double bond. The spectro- 
graphic findings thus advance additional proof for the correctness 
of the structures assigned. 

The yields of the keto acid which could be directly isolated 
from the acidic fraction varied a great deal in different runs. In 
one case this fraction refused altogether to crystallize. When 
non-crystalline material of this type was subjected to the reaction 
employed for the preparation of the lactone from the crystalline 
keto acid, by far the greater part of it was transformed into 
neutral products, from which the crystalline lactone could be 
isolated in excellent vield. This shows that the keto acid is the 
main acidic product formed when the oxidation progresses beyond 
the stage of the 6-ketone. 


EXPERIMENTAL 


6-Keto-a-Estradiol Diacetate—870 mg. of a-estradiol diacetate, 
m.p. 126-128°, were dissolved in 3 ce. of glacial acetic acid, and a 
solution of 735 mg. of chromium trioxide (4.5 atoms of O) in 0.6 ee. 
of water and 4.4 cc. of glacial acetic acid added. The mixture was 
allowed to stand for 24 hours at 23-24°. The excess of chromic 
acid was then reduced with 1 ec. of ethanol. After dilution with 
water the reaction products were transferred into ether, and most 
of the acetic acid removed from the ether phase by distribution 
with portions of saturated sodium bicarbonate solution. The 
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point when acidic reaction products begin to react with the bicar- 
honate can be recognized by the pink color of the extract. The 
ether phase was then exhaustively extracted with a 3:1 mixture 
of 1 N sodium carbonate and saturated sodium bicarbonate solu- 
tions, washed with water, and brought to dryness with addition 
of absolute alcohol during the last stage of evaporation. The 
partly crystalline residue (436 mg.) was dissolved in 10 ce. of 
absolute alcohol and 1 cc. of glacial acetic acid; 1 gm. of Girard’s 
Reagent T was added and the mixture boiled for 1 hour. 

The separation of non-ketonic and ketonic fractions was carried 
out in the usual way; the splitting of the intermediate betaine 
hydrazone was effected by making the solution about 1 N in 
hydrochloric acid and allowing it to stand 2 hours at room tem- 
gerature. The crystalline ketonic fraction (190 mg.) was re- 
swetylated by boiling for 20 minutes in 5 cc. of acetic anhydride. 
On decomposition of the reagent with 30 cc. of water a crystal- 
line precipitate was obtained which was filtered off and washed 
with water (175 mg.). The rest of the material was recovered 
by extraction with ether from the filtrate (25 mg.). The two 
fractions were combined and recrystallized from absolute, then 
from 90 per cent alcohol. 149 mg. of needles melting at 173-175° 
were obtained. Acetylation of the pure ketodiol yielded the 


same compound. 


Analysis—Cx2.H.O;. Calculated. C 71.31, H 7.08 
Found. ** 71.00, 71.27, ** 7.15, 7.03 


6-Keto-a-Estradiol—As mentioned previously, the ketonic frac- 
tion resulting from the separation with Girard’s reagent consists 
of a mixture of the diacetate and partially saponified products. 
On reerystallization from absolute alcohol 187 mg. of such a mix- 
ture yielded 126 mg. of material which melted with gradual decom- 
position over a range from 215-260°, after some sintering at 165°. 
From the mother liquors a small amount of the diacetate, melting 
at 173°, could be isolated by fractional crystallization. The higher 
melting material was dissolved in 3.5 ce. of 20 per cent methyl 
alcoholic potassium hydroxide. The yellow solution was allowed 
to stand 24 hours at room temperature in a nitrogen atmosphere. 
It was then diluted with water, acidified with hydrochloric acid, 
which caused the color to disappear, and extracted three times 
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with ether. The ether layer was washed with 5 per cent sodium 
carbonate solution saturated with sodium bicarbonate, and with 
water. (Sodium carbonate alone appeared to extract some keto- 
diol, since the solution became strongly yellow.) The almost 
colorless crystalline residue of the ether solution (96 mg.) was 
recrystallized twice from absolute alcohol. The pure compound 
crystallizes in rather large hexagonal plates melting at 281-283° 
with slight decomposition. Saponification of the pure diacetate 
yielded a product with identical properties. 


Analysis—CisH2O;. Calculated. C 75.48, H 7.75 
Found. “75.33, “ 7.67 
[elp = +4.2° (0.7% in alcohol) 


The solution of 6-keto-a-estradiol in concentrated sulfuric 
acid is greenish yellow, but shows no fluorescénce. On dilution 
with water the color changes to a deep purple with bluish fluo- 
rescence. On coupling with diazotized p-nitroaniline in alkaline 
solution the compound forms a dark red pigment, which becomes 
brick-red on acidification with acetic acid. When the ketodiol 
or its diacetate is dissolved in aqueous or methyl alcoholic potas- 
sium hydroxide, the solution immediately assumes a yellow color, 
which disappears on acidification. In contradistinction to 
a-estradiol the ketone is not precipitated by digitonin in 80 per 
cent ethanol. 

The semicarbazone was prepared from 8.6 mg. of the ketodiol 
with an excess of semicarbazide acetate in 90 per cent methanol at 
room temperature. After 40 hours the crude product was precipi- 
tated with water and after washing and drying weighed 11 mg. 
Two recrystallizations from a small volume of absolute alcohol 
yielded 6 mg. of needles which decomposed at 280-310° with gas 
evolution. 


Analysis—C,9H2,0O3;N;3. Calculated, N 12.24; found, N 12.02 


Diacetoxy Keto Acid, C2,H20;—The alkaline extracts containing 
the acidic oxidation products were acidified with hydrochloric 
acid and extracted repeatedly with ether. The ether extracts 
were washed thoroughly with water, and dried with sodium sulfate. 
The ether residue (480 mg.) was liquefied with about 1 ce. of 
acetone. After several days standing in the refrigerator a mass 
of erystals had formed. The remaining oil was washed away with 
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gall volumes of cold acetone and the crystalline product (223 
mg.) recrystallized twice from 80 per cent alcohol. The acid 

lizes in large beautiful rods with oblique ends. The crystals 
tained a slight amount of a yellow pigment which could not be 
moved by recrystallization from alcohol or benzene-petroleum 
ether. That this color is not a property of the substance itself is 
proved by its disappearance on conversion of the acid to the enol 
lactone. Since in the latter the conjugated system is extended by 
one more double bond, the color should become more intense if a 
chromophoric group absorbing in the visible range were already 
present in the acid. Actually, however, the intensification of light 
absorption consequent on the reaction mentioned is confined to 


the ultraviolet region. 


Analysis—C2H2,O;. Calculated. C 64.92, H 6.23 
Found. ** 65.24, 65.26, “ 6.31, 6.46 

97.8 mg. of the acid were dissolved in 5 cc. of absolute aleohol 
and titrated with standard alkali and phenolphthalein as indica- 
tor. 2.35 cc. of 0.1 N NaOH were neutralized (calculated 2.51 
ee.). More alkali was added, and the excess titrated back after 20 
hours standing under nitrogen. 4.44 cc. of 0.1 N NaOH, calculated 
for two hydrolyzable groups, 5.02 cc. The end-points in both 
titrations were somewhat blurred, as a scarlet red pigment devel- 
oped in alkaline solution. This difficulty is probably responsible 
for the low titration values. The completely hydrolyzed acid 
was recovered by acidification and ether extraction, but resisted 
all attempts at crystallization. Increasing pigmentation during 
manipulation in hot solvents indicates a marked instability of the 
hydrolyzed product, whereas the diacetoxy acid showed no such 
behavior. 

In an attempt to prepare the semicarbazone of the crystalline 
acid an amorphous substance soluble in alcohol and ether was 
obtained in unsatisfactory yield. Treatment of the acid with 
diazomethane results in the formation of the methyl ester, which, 
however, failed to crystallize. 

Enol Lactone, C2,;H2,0>—To 22.5 mg. of the keto acid 1 ec. of 
acetic anhydride and 150 mg. of anhydrous sodium acetate were 
added. The mixture was boiled for 1 hour. On decomposition of 
the reagent with ice-cold water a part of the reaction product 
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deposited in crystalline form. Without being filtered from the 
latter, the supernatant was carefully neutralized to litmus with 
sodium hydroxide. An excess of alkali rapidly hydrolyzes the 
lactone. The aqueous phase was extracted several times with 
ether. The combined ether solutions were washed once with 
dilute sodium bicarbonate solution and with water. Reerystal- 
lization of the ether residue (18 mg.) from 80 per cent alcohol 
yielded colorless rhombohedral plates which melted at 152-153°, 
Analysis—C2»H2.0.. Calculated. C 68.09, H 5.99 
Found. ** 68.35, 68.33, ‘6.44, 6.09 


In the preparation of the lactone from uncrystallizable acidic 
fractions from the chromic acid oxidation the neutralization with 
sodium hydroxide was omitted, and the ether phase extracted 
instead three times with half saturated sodium bicarbonate solu- 
tion. About 700 mg. of the original acidic material yielded 139 
mg. of uncrystallizable, strongly pigmented acids and 525 mg. of 
neutral products. From the latter 294 mg. of crystals were iso- 
lated. An additional crop was obtained from the strongly pig- 
mented mother liquors which were brought to dryness, dissolved in 
absolute ether, and decolorized with charcoal. After two erystal- 
lizations from absolute alcohol the crystals melted at 152-153°. 

Attempts to reconvert the enol lactone, which thus can be 
obtained in large quantities, to the less easily accessible keto 
acid met with failure. Cautious titration with alkali showed 
rapid liberation of an acidic group in the initial stage, but after 
addition of 1 mole of alkali less than half of the material had 
been converted into acidic products not extractable with ether 
from sodium carbonate solution. Both the acidic and neutral 
fraction from this distribution failed to crystallize. Apparently 
partial hydrolysis of the phenolic acetoxy group had occurred to 
about the same extent as opening of the lactone ring, so that mix- 
tures were obtained in both fractions. 

Hydrolysis of the lactone with boiling methyl! alcoholic hydro- 
chloric acid yielded mainly acidic products which failed to crystal- 
lize and became pigmented on standing. 


SUMMARY 


The preparation of 6-keto-a-estradiol by treatment of a-estradiol 
diacetate with chromic acid is described. The introduction of 
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THE LIPID CONTENT OF BLOOD, LIVER, AND YOLK SAC 
OF THE NEWLY HATCHED CHICK AND THE CHANGES 
THAT OCCUR IN THESE TISSUES DURING THE 
FIRST MONTH OF LIFE* 


By C. ENTENMAN, F. W. LORENZ, anv I. L. CHAIKOFF 


(From the Division of Physiology, University of California Medical School, 
Berkeley, and the Division of Poultry Husbandry, College of Agriculture, 
University of California, Davis) 


(Received for publication, December 26, 1939) 


The features that distinguish the lipid metabolism of the bird 
from that of the mammal were pointed out in recent reports from 
these laboratories. In the bird, maturity brings with it an in- 
creased content of lipids in both blood and liver (1, 2), and these 
changes were shown to be the result of estrogenic activity (3, 4). 
In the course of these investigations, birds between the ages of 
59 and 299 days were studied. At the present time a survey of 
the entire life cycle is under investigation. The present report 
deals with the period between hatching and 36 days of age. It 
is shown that the bird enters the external world with a lipemia 
and a fatty liver. The liver of the newly hatched bird contains 
enormous amounts of cholesterol, the major part of which is in the 
esterified form. 

Although high lipid levels in the tissues of the chick embryo 
have been recognized for some time, the lipid metabolism of the 
bird during the period studied here has received very little atten- 
tion. A few observations dealing with the blood fat (5) and blood 
cholesterol (6) of 1 and 2 day-old chicks have appeared, but the 
values reported are not in accord with the findings obtained in the 
present investigation. 


* This investigation was supported in part by a grant from the Com- 
mittee on Research in Endocrinology of the National Research Council. 
Assistance was also furnished by the Works Progress Administration (Offi- 
tial Project No. 65-1-08-62, Unit A6). 
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EXPERIMENTAL 

Chicks were obtained from eggs produced by the single comb 
white Leghorn flock of the Poultry Division. They were hatched 
in incubators of the forced draft cabinet type with separate 
hatching compartments. On the 22nd day after the eggs were 
placed in the incubators, all healthy chicks were transferred to 
battery brooders kept at constant temperature, and thereafter 
the chicks had access to food and water. It has been noted that 
little or no food is eaten by chicks during the first 24 hours after 
hatching. 

The average weights of the chicks taken for analyses are r- 
corded in Fig. 1. Liver, blood, and yolks were pooled for analyses. 
No attempt was made to separate the yolk sac from its contents. 
Lipids were determined on the entire structure. 

The data shown below were obtained from three separate 
experiments. In two of these blood, liver, and yolk sacs were 
obtained, in the third only blood. 

The microoxidative procedures employed for lipid analyses of 
blood and liver have been recorded elsewhere (1, 2). The yolks 
were treated like the liver. 

Liver Lipids 

The data shown in Fig. 2 represent the mean values obtained 
from two separate experiments. 

Total Lipid'—In Experiment 1, the liver of the newly hatched 
bird contained from 13 to 14.7 per cent of total lipid, whereas in 
Experiment 2 values as high as 23 per cent were found immediately 
after hatching. This high lipid content did not remain for long, 
for in Experiment | a fall had already occurred by the 4th day 
and despite irregularities the loss of lipids from the liver became 
quite definite by the 6th day. Between 5.0 and 5.6 per cent of 
total lipids was found in the 8 day-old chick, and little change was 
observed during the remainder of the 16 days of Experiment 1. 
In Experiment 2, several chicks were also examined on the 22nd 
and 36th day after hatching. In these pools, values for total 
lipid between 1.6 and 3.2 per cent of the wet weight of the liver 
were noted. 


| Calculated as the sum of total fatty acids and total cholesterol. 
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Cholesterol— Enormous concentrations of cholesterol are present 
in the liver of the newly hatched chick. During the first 3 days 
the chick livers in Experiment 1 contained from 5.9 to 8.5 per 
ent of total cholesterol. In Experiment 2, the values were 
even higher ; the maximum observed was 9.7 per cent. Cholesterol 
st this time may account for as much as 48 per cent of the total 
jipids. From the 3rd day on, the decline in the cholesterol 
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Fic. 1. The growth of the chicks used in this investigation, as shown by 

the average weights of the birds taken for analyses. Day H is the day of 


hatching. 





content is rapid. In the 9 day-old chick the total cholesterol 
content of the liver had fallen to approximately 1 per cent, while 
values close to 0.5 per cent were found in the 11 day-old chick. 
The 22 day- and 36 day-old chick livers contained between 0.3 
and 0.4 per cent of total cholesterol; these values approximate 
closely those found in the livers of adult birds. 

The major portion of the cholesterol was in the esterified form 
during the early days after hatching. Values as high as 1.2 per 
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cent were found for free cholesterol; high values were still present 
as late as 3 days after hatching in Experiment | and as late as § 
days in Experiment 2. On the day of hatching esterified cho- 
lesterol was present to the extent of 5.4 to 5.9 per cent in the livers 
in Experiment 1, whereas in Experiment 2 values of 6.6 to 86 
were found. In the 7 day-old chick the content of esterified 
cholesterol in the liver was still above 1 per cent. Values as low 














DAYS 


Fig. 2. Liver lipids of the chick from the day of hatching (Day H) to 
36 days of age. total fatty acids, @ esterified cholesterol, O free cho- 
lesterol, A phospholipids. The values are expressed as the per cent of the 
wet weight of tissue. Each point represents the average values obtained 
from two to five pools, each of which contained from two to four livers, the 
number used depending upon the weight of tissue obtained. More pools 
were taken from younger than from older chicks 


as those found in the mature bird do not appear until the chick 
attains an age of 14 days or more. 

Total Fatty Acids—The liver of the chick is particularly rich in 
fatty acids during the first 7 days after hatching. In Experiment 
1, the highest value, namely 10.4 per cent, was found in 4 day-old 
chicks, but in Experiment 2 values of 14.0 and 12.7 per cent were 
noted during the first 24 hours after hatching. High values may 
still be present as late as 7 days after hatching, although—to 
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judge by the average values (Fig. 2)—the liver loses fatty acids 
mpidly during the first 7 days after hatching. Fatty acids con- 
tinue to be lost thereafter, but the rate at which this occurs is 
much slower and more irregular between the ages of 7 and 22 
days than between the time of hatching and the age of 7 days. 
Shift in Liver Fatty Acids from Cholesterol Esters to Triglycerides 
juring Early Days after Hatching—The fatty acids combined as 
phospholipid, triglycerides, and cholesterol esters have been 
calculated for the chick liver and shown in Fig.3. Phospholipid 
fatty acids remained essentially constant throughout. Between 
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Fie. 3. Liver fatty acids present as triglycerides, cholesterol esters, and 
phospholipid. @ cholesterol ester fatty acids (1), A phospholipid fatty 
acids (2), @ neutral fat fatty acids (3). These were derived as follows: 
(1) 0.73 X esterified cholesterol; (2) 0.67 X phospholipid; (3) total fatty 
stids minus (cholesterol fatty acids + phospholipid fatty acids). Day H 
isthe day of hatching. 


the 2nd and 7th day after hatching, a rise in the triglyceride fatty 
acids was found in the liver. This occurs simultaneously with a 
mapid loss of cholesterol fatty acids. Apparently, during the 
utilization of cholesterol esters in the liver, the fatty acid portion 
is converted to triglycerides. It can be observed from Fig. 2 
that the various lipid constituents do not fall at the same rate; 
this shift in fatty acids from cholesterol esters to triglycerides is in 
keeping with the finding of a more precipitous fall in esterified 
cholesterol than in total fatty acids. 

Phospholipids—This lipid constituent showed no major change 
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throughout the period studied. Thus in Experiment 1 phos. 
pholipids were present to the extent of 1.6 to 2.5 per cent in the} 4 








TABLE I the 
Blood Lipids of Chick thi 
Bapesi- Blood sample Cholesterol Total | Phos- : the 
mest | click | ras! a | pe [Emme | ek | RBG, | tae | Se 
" Volume wed Total Free “fied P acids vt 
daye | ce. | 100 cc. | 100 cc. | 100¢e. | 100¢e. | 10060. | 100¢0. | 18000 
i Ht 4 12 284 152 132 666 445 950 271 
l 7 12 314 147 167 866 486 | 1180 418 ss 
3 6 12 289 159 130 721 337 | 1010 | 400 Pt 
} 10 12 224 137 87 185 326 709 | 208 ea! 
5 10 12 220 | 121 99 | 450 | 314 670 | 167 fo 
6 10 12 191 119 72 461 274 652 225 
7 10 12 178 108 70 302 326 480 32 
s 10 12 154 108 46 382 366 536 103 
2 Ht 5 8 302 172 130 560 410 862 | 10 
l 5 8 | 370 | 338 32 | 768 | 384 | 1138| 487 ay 
2 5 s 422 218 204 624 450 | 1046 174 8 
2 5 8 387 197 | 190 619 | 320 | 1006! 266 : 
3 5 8 446 220 226 654 442 | 1100 | 198 . 
5 7 6 | 206 | 160 | 136 | 458 | 310 | 754) 151 b 
6 7 6 | 235 | 147 | 88 | 622 | 214 | 857| 414 T 
8 7 6 | 143 | 115 | 28 | 506 | 472 | 649) 169 R 
15 8 6 126 101 25 326 281 452 119 p 
22 10 4 111 79 32 342 255 | 453 150 
36 10 $ 110 98 12 451 265 | 561 262 
3 Ht| 5 8 | 326 | 177 | 149 | 615 | 446 | 941 | 204 
| 5 9 366 205 161 708 469 | 1074 276 
2 5 7 344 167 177 780 474 | 1124 | 333 
3 5 7 288 162 126 727 437 | 1015 | 342 
4 5 6 323 161 162 610 392 | 933 | 229 
5 5 4 291 154 137 571 497 | 862) 138 
6 5 6 220 | 119 101 676 | 334 896 | 378 
* Mainly neutral fat fatty acids (see the legend of Fig. 3). 
t Day of hatching. 
livers of the newly hatched chicks, whereas in the 16 day-old 
bird values of 2.2 to 2.4 per cent were found. The 36 day-old 
bird contained 2.7 to 2.8 per cent phospholipid. 











—_— —_—- -—_— ss ee 


Phos- 
in the 


CT oo eo ae ae ee 











Entenman, Lorenz, and Chaikoff 237 


Blood Lipids 


The lipid concentration of the blood is particularly high during 
the first 4 days after hatching (Table I). Values for total lipid 
well over 1000 mg. per 100 cc. of whole blood were found during 
this interval. By the time the chicks reached an age of 15 days, 
the level of the total lipids in the blood fell to 452 mg. On the 
day the chicks were hatched, values of 284 to 326 mg. were ob- 
grved for total cholesterol, while in the 8 day-old chick it had 
dropped to 143 to 154 mg. As much as 50 per cent of the cho- 
sterol was in the esterified form during the early days but the 
mtio of ester to total cholesterol fell as the chick grew older. 
Phospholipids were also present in increased amounts during the 
arly days after hatching. Values between 410 and 446 mg. were 
found on the day of hatching. 


Yolk Sac 


The yolk sac is a diverticulum of the small intestine and weighs 
wpproximately 5 gm. in the newly hatched chick. Yolk material 
sabsorbed directly from the sac into the blood stream. Absorp- 
tion proceeds rapidly after the bird is hatched, and normally 
by the 3rd day the weight of the sac is reduced to about 1 gm. 
The absorption of this structure is practically complete 5 days 
alter the chick has hatched, but small remnants of the sac often 
persist much longer. 

The content of cholesterol, phospholipid, and fatty acids, 
measured as percentage of the wet weight of this organ, is re- 
worded in Fig. 4. The yolk sac at the time of hatching contained 
ll per cent of fatty acids (Fig. 4) or a total of about 0.5 gm. 
(Figs. 4 and 5). The other lipid constituents were present in 
much smaller amounts. At the time of hatching, the entire yolk 
sae contained about 0.07 gm. of phospholipid and about 0.06 gm. of 
total cholesterol. So rapidly does the absorption of fatty acids 
proceed that, by the 5th day after the chick has hatched, less than 
0.03 gm. of this lipid constituent remains in the entire yolk sac. 
The loss in fatty acids occurs not only in absolute amounts con- 
tained in the entire sac but also in the amount present as per- 
tentage of the wet weight of the organ. The loss in cholesterol 
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Fie. 4. The lipids of the yolk sac from the day of hatching (Day H) to 
8 days of age. total fatty acids, @ esterified cholesterol, O free cho- 
lesterol, A phospholipid. The values are expressed as per cent of the wet 
weight of the yolk sacs. 
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Fia. 5. The average weights of the yolk sacs and livers from the day of 
hatching (Day H) to8 days ofage. A yolk sac, O liver. 
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wad phospholipid occurs in a less striking manner. Little or no 
thange was observed in free cholesterol during the first few days 
after hatching when this lipid constituent was measured as per- 
entage of the wet weight of the yolk sac, but some loss in absolute 
ymount did occur, since this organ was rapidly shrinking in size. 
Phospholipids decreased in both the total amount present and the 
ymount measured as percentage of the wet weight of the yolk sac. 
The cholesterol esters of the yolk sac showed decreases in absolute 
amounts, but when the amounts of this lipid constituent were 
expressed as percentage of the organ, it was noted that a rise had 
geurred (Fig. 4). This suggests that the removal of cholesterol 
eters from the yolk sac is proceeding less rapidly than that of 
other constituents. 
DISCUSSION 

The chick emerges from the egg with large deposits of lipids in 
three tissues, liver, yolk sac, and blood. The rapid loss of these 
lipid stores affords an opportunity for comparing the utilization 
of the various lipid constituents of these three tissues. Phos- 
pholipids, cholesterol, and triglycerides (neutral fat) do not leave 
the tissues at the same rate. Triglycerides are most rapidly 
removed from the yolk sac, and this results in a relative—though 
not absolute—increase in the percentage of ester cholesterol. The 
liver behaves differently. In this tissue, esterified cholesterol is 
most rapidly removed. The fatty acids combined with cho- 
lesterol are not as rapidly removed but reappear temporarily as 
triglycerides in the liver. Thus at a time when the chick’s liver 
is being rapidly depleted of its large store of cholesterol, an abso- 
lute increase in neutral fat is found in the liver, an observation 
that suggests that esterification serves merely for storage of 
cholesterol. 

The mechanism by which the fatty liver and lipemia are pro- 
duced in the newly hatched chick remains to be considered. 
During its development the chick is nourished by the yolk, which 
is unusually rich in both fat and cholesterol. A rough parallel 
may be observed between the time of disappearance of the yolk 
sac after hatching and the time of disappearance of excessive 
amounts of fat from both blood and liver (compare Figs. 2 and 5). 
This suggests that the high content of cholesterol in the yolk 
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contributes to the fatty liver and lipemia found in the chick 
Okey and Yokela (7) reported that rats fed egg yolk or purified 
cholesterol for as long as 60 days had fatty livers containing as 
much as 26 per cent fatty acids and 8 per cent cholesterol, over 9 
per cent of which was esterified. The striking similarity between 
this type of fatty liver and that observed in newly hatched chicks 
lends support to the view that cholesterol is responsible for the 
fatty liver of the chick. Still another factor may play a part in 
the production of the high lipid content of the chick tissues. It 
has been reported by several investigators (8-10) that appreciable 
quantities of estrogens are present in the yolk. It was previously 
observed in these laboratories that the injection of estrogens in 
immature birds results in a lipemia similar to that found normally 
in laying birds (4); the estrogens present in the egg yolk may thus 
be responsible for the lipemia of the baby chick. A fatty liver 
is also observed in the laying bird (2). But, judging from the 
distribution of the various lipid constituents in the liver, the fatty 
liver of the baby chick resembles more closely the fatty liver of 
the cholesterol-fed rat. 


SUMMARY 


The lipid content of the blood and liver of the chick was in- 
vestigated during the first 36 days after hatching. 

1. The liver of the newly hatched chick contained an average 
of 7.3 per cent cholesterol (90 per cent of which is esterified) and 
9.0 per cent total fatty acids. 

2. The blood of the newly hatched chick contained as much as 
1000 mg. of total lipid per 100 cc. of whole blood. All lipid con- 
stituents, namely cholesterol, total fatty acids, and phospholipids, 
were present in amounts greater than in the blood of the mature 
male and mature non-laying female bird. 

3. A rapid decline in the lipid content of blood and liver set in 
on the 3rd day after hatching. The rapid fall in esterified cho- 
lesterol in the liver was associated with a temporary rise in 
triglycerides. 

1. When the chicks were hatched, the yolk sacs contained about 
12 per cent fatty acids, 1.6 per cent phospholipid, and 1.3 per cent 
total cholesterol. Their absorption proceeded rapidly and was 
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nearly complete by the time the chicks were 5 days old. Neutral 
fat was absorbed more rapidly than the other lipid constituents. 
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PREPARATION AND ASSAY OF ANTERIOR PITUITARY 
FRACTIONS RICH IN KETOGENIC AND RESPIRA- 
TORY QUOTIENT-REDUCING SUBSTANCES* 


By JOSEPH D. GREAVES, IRENE KOECHIG FREIBERG, anp H. E. 
JOHNS 


(From the Departments of Biological Chemistry and Pharmacology, 
Washington University School of Medicine, St. Louis) 
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A number of metabolic effects have been attributed to anterior 
pituitary extracts and various criteria have been proposed for the 
determination of the relative potency of different preparations. 
Extracts have been tested for their effects on (a) ketonuria in the 
fasted and fed animal on various diets (1-6), (b) ketonemia (1, 2, 
7-10), (c) antagonism to the hypoglycemic action of insulin (11), 
@ hyperglycemic action (12), (e) diabetogenic action (13), (f) 
glycostatic effects (14), (g) ability to increase liver fat in various 
species (3, 6, 15), (h) increase oxygen consumption (16-19), (7) 
alter nitrogen metabolism (20), (7) depress the level of blood fat 
(21), and (k) depress the respiratory quotient (22). In view of 
the apparent interdependence of fat, carbohydrate, and protein 
metabolism, and of the numerous physiological effects observed 
with pituitary extracts, it would seem probable that some of 
these effects are only different manifestations of the metabolic 
influences of the same factor. With this view as a working 
hypothesis, we have been attempting for several years to frac- 
tionate anterior lobe extracts with the object of separating in a 
single fraction the factor or factors which cause these metabolic 
eects. Progress has been slow, first because of the apparent 


*This work has been supported by a grant from the Committee on 
Research in Endocrinology of the National Research Council to Professors 
P. A. Shaffer and C. F. Cori, and has been carried out under their joint 
supervision. The authors acknowledge with appreciation much helpful 
direction and advice. Some of the earlier work was conducted by Dr. Leo 
Wade, from whose experience the present work has derived benefit. 
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lability of the active substance, and second because of the lack of 
dependable criteria for quantitative measurement of activities. 

Believing it essential to have methods for quantitative assay of 
activity, we decided to concentrate efforts on the attempt to 
standardize conditions and technique for measuring at least one 
effect. The influence of the extracts upon the respiratory quo- 
tient of glucose-fed rats was chosen as the basis for study. §j- 
multaneously another study was made by one of us (I. K. F) 
of the measurement of the ketonuric and ketonemic effects in rats. 
With these criteria for semiquantitative assay of two metabolic 
effects, fractionation of the extracts has led to a concentration 
in the same fraction of the active principle responsible for both 
these effects. These fractions are relatively free from other 
known hormones (except the growth substance). 

Method of Assay for the Respiratory Quotient Factor—Young 
male rats' of body weights of 150 to 250 gm. were maintained on a 
Purina Dog Chow diet? supplemented with cod liver oil and 
lettuce twice weekly. After being fasted 20 hours the animals 
were injected intraperitoneally with either saline or anterior 
pituitary preparations. The volume of injected material in the 
earlier experiments varied from 0.1 to 4.0 cc. In later series a 
constant volume of 2.0 cc. (of the desired dilution) has been used 
in all cases. 2 hours after the injection the rats were given 700 
mg. of glucose per 100 gm. of body weight by stomach tube and 
were immediately placed in the animal chamber of the respirom- 
eter which was then ventilated for 5 minutes with dry, CO--free 
air. The animal chamber was disconnected, closed, and weighed 
(to 5.0 mg.). The respiratory metabolism was then determined’ 
during the subsequent 3 hour period, the stream of air through 
the system being adjusted at a rate (about 24 liters per hour) to 
prevent condensation of moisture on the sides of the animal 
chambers. At the end of the period the animal chamber, as well 
as the absorption flasks, was again weighed and the value cor- 
rected for temperature changes. The temperatures in the 
respiratory chamber varied from 28° to 33° on different days, 


' Kindly supplied by Anheuser-Busch, Inc. 

? Protein 23 per cent, fat 5.0 per cent, carbohydrate (by difference) 
67 per cent. 

* The gravimetric procedure of Haldane was employed. 
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within which limits consistent results were obtained. At higher 
temperatures the data were variable and unsatisfactory. The 
efficiency of the water absorbers (H2SO,) was checked from time 
to time by introducing magnesium perchlorate bottles into the 

em. Two CO, absorbing units were used. The first con- 
tained Wilson (8 mesh) soda lime and H,SO,. The second unit 
contained soda lime and calcium chloride, and served as a check 
on the efficiency of the first. 

n.q. values after glucose feeding and saline injection only 
(controls) varied from 0.81 to 0.97. The values obtained from a 
given animal under comparable conditions on different occasions 
were quite consistent. Inasmuch as the assay method is based 
on the depression of the r.q. below the control level caused by 
the injection of pituitary extracts, it is necessary to use only rats 
giving high control r.Q. values. The plan was therefore adopted 
of making initial control determinations on all animals; those 
giving values below 0.86 (arbitrarily chosen) were discarded. 
About three-fourths of all the animals tested gave control values 
at or above this level. 

The animals giving acceptable r.q. values were then used 
repeatedly at weekly intervals either for the assay of anterior 
pituitary preparations or for additional control r.q. determina- 
tions. It soon became apparent that some animals after several 
weeks use gave abnormally low respiratory quotients when tested 
with glucose and saline only and that the number of animals 
showing these (acquired) low control responses increased with the 
number of injections of pituitary extract, 20 to 40 per cent of a 
given group being affected after ten to fifteen weekly tests.‘ Fig. 1 
illustrates the progressive decrease in the control r.q. values in 
some individual animals injected with anterior pituitary extract 
for the periods of time shown on the abscissa. This difficulty 
was avoided by selecting animals giving control r.q. values over 
0.86, using them for four or five weekly assay tests, and then dis- 
tarding them. With these precautions the results have been 
consistent and it is believed that the method is suitable for an 
approximate assay of activity. 

The extent of depression of the r.g. below the control values 
has been used as an index of activity of the material administered. 


‘The cause of these abnormal responses is being studied further. 
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The results of the assay of different anterior pituitary prepara- 
tions at various dosage levels are compared by plotting the 
R.Q. values against the quantity of extract administered. Having 
thus determined the amount of a given extract needed to depress 
the r.q. to 0.80, we calculated the multiples of this dose ad- 


ministered at other dosage levels. The composite curve obtained 
from a number of extracts is shown in Fig. 2. A unit of material 
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Fic. 1. The effect of repeated weekly injections of anterior pitutary 

extract upon the control r.q. response of the glucose-fed rat. 


is arbitrarily defined as that amount which when injected into 
animals under standard conditions will depress the R.q. values 
to 0.80. Between the limits of 0.2 and 2.0 units the curve can 
be used for the evaluation of the potency of extracts. When the 
r.Q. values of the data in Fig. 2 are plotted against the log of the 
dose, the curve approximates a straight line between the dosage 
levels 0.2 to 2.0 units (see Fig. 3). Thus, the unit dose may 
be determined by injecting two series of animals at two dos- 
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age levels between 0.2 and 2.0 units. Consistent assay values 
have been obtained in this way by the use of four to eight animals 
per point. 

Preparations of Anterior Pituitary Extracts—Beef pituitaries 
were used in all cases. The glands were packed in dry ice at the 
daughter-house and stored at —10° until the anterior lobes were 
dissected. All procedures have been carried out in the cold room 
at approximately 0°. Various methods of extraction have been 
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Fic. 2. Curve showing the relationship between r.q. reduction and 
amounts of anterior pituitary extract administered. The small figures 
on the curve indicate the number of determinations used to evaluate 


the point. 


tried. Extraction by alkaline solutions has invariably given better 
yields than either by acid or neutral solutions. Alcoholic ex- 
traction has failed consistently. Extraction with Ba(OH). or 
Ca(OH), by a slight modification of the Evans, Cornish, and 
Simpson method (23) has given the most satisfactory results. 
Complete centrifugation and rigid control of the salt concentration 
are essential to the success of the method. 

The quantity of ground glands used in the preparation of 
different extracts has varied from 100 to 600 gm. A typical 
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extraction was carried out as follows: 5 volumes of cold distilled 
water were added to the glands and the solution was stirred until 
homogeneous (20 to 45 minutes). 0.2 N Ba(OH)s: solution was 
slowly added (with stirring) until the solution reached pH 11,0 
(glass electrode). This required about 1 volume of base. The 
mash was stirred for 10 to 15 minutes and then stored in a stop- 
pered flask at 0° in an ice bath. The extraction was carried out 
for 4 days, the pH being maintained at or near 11.0 by frequent 
additions of small amounts of base (see the accompanying dia- 
gram). The mash was then strained through cheese-cloth 
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Fic. 3. Same data shown in Fig. 2 plotted on a semilogarithmic scale. 


and the pH reduced to 9.5 by the slow addition of 0.2 n H,80,:' 
No Na2SO, was added to the solution. The solution was passed 
through a Sharples centrifuge repeatedly until clear. Solid 
ammonium sulfate was added to make 0.2 saturation (12 gm. 
per 100 cc. of solution). After standing 20 minutes the solution 


‘ When the pH of the extract was reduced to 7.0 to 8.0 soon after the 
extraction process was initiated, marked loss of activity often resulted. 
Extracts previously stored at pH 11.0 for a number of days were more 
stable in the region of pH 7.0 to 8.0. We are inclined to attribute this 
stabilization to the destruction of proteolytic enzymes by the alkaline 
solutions. 
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was centrifuged. The supernatant liquid was brought to 0.45 
saturation by the addition of 15 gm. of solid ammonium sulfate 
per 100 cc. of solution. After the salt dissolved, the mixture was 
allowed to stand 20 minutes, when the precipitate was removed 
by centrifugation (Sharples). The precipitate was next ex 
tracted with 6 volumes (volume equal to initial volume of soly- 
tion) of 0.2 saturated cold ammonium sulfate solution. This 
solution (A) was allowed to stand 1 hour; during this time all 
solid residues from the initial extraction were reextracted with 
3 volumes of 0.2 saturated ammonium sulfate solution. The 
suspension was centrifuged and the supernatant adjusted to 
0.45 saturation as above. The precipitate was removed and ex- 
tracted with 1.5 volumes of 0.2 saturated ammonium sulfate 
(Solution B). Solutions A and B were combined, centrifuged, 
and the salt concentration then adjusted to 0.45 saturation and 
recentrifuged. The total precipitate was placed in collodion 
or Visking casings and dialyzed in a mechanical dialyzer for 60 
hours at 0° against large volumes of distilled water. The total 
procedure from the time the pH was adjusted to 9.5 to the dialysis 
step was carried out during the course of 1 day, as it was found 
that storage of extracts in the ice box overnight at intermediate 
stages often resulted in marked loss of activity. 

The dialyzed material (pH 6.7 to 7.0) was centrifuged, and 
the precipitate was extracted with 1 volume of distilled water 
and recentrifuged. This was marked Precipitate Q. The above 
two supernatants were combined, the pH adjusted to 5.75 by 
means of 0.2 n HCl, and the resulting precipitate removed by 
centrifugation. This was marked Precipitate K. Precipitates 
K and Q were spread in thin layers each on hard filter paper and 
dried in a vacuum desiccator containing H2SO, and an excess of 
dry ice. Both fractions proved to be rich sources of the R.Q- 
depressing factor. Approximately 5000 to 6000 r.Q.-depressing 
units per 100 gm. of anterior lobe material were obtained by 
this method. This represents about 40 per cent of the active 
material present in the original crude extract. These powders 
are soluble in alkaline or neutral salt solutions; they are less 

* Later preparations have been frozen in dry ice-alcohol mixtures and 


dried in a thin layer in the frozen state by means of a Cenco pump hooked 
in series with a trap maintained at —40° by dry ice and buty] alcohol. 
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soluble in the absence of salts or in the pH range 4.5 to 7.0. The 
powders slowly lose their activity over a period of months when 
stored in a desiccator over H,SO, at 0°. Powders prepared by 
the above methods have quite consistently yielded K fractions 
active in a unit dose of 0.2 mg. of protein. The Q fractions are 
less active (unit dose of about 0.3 mg.). On several occasions 
extracts have been prepared from our K powders by various 
means (isoelectric precipitation, alumina Cy adsorption) that 
have proved to be active in a unit dose as low as 0.077 mg. of 
protein. The yield as a rule has been small and the preparations 
quite unstable. 

pH Stability—In order to determine the optimum pH for 
storage of extracts the following series of experiments was carried 
out. Samples of a potent extract adjusted to pH values ranging 
from 1.5 to 12.3 were stored in stoppered Pyrex flasks at 0° for 
periods as long as 3 or 4 weeks. The different samples were 
assayed periodically for their r.Q.-reducing potency. All extracts 
stored at pH values below 8.0 retained less than 25 per cent of the 
original activity after 10 days. Extracts stored in the pH range 
95 to 11.0 were much more stable, while those extracts sub- 
jected to pH values above 11.5 lost much of their activity. All 
solutions, even those stored at pH 3.3 and 12.3, retained small 
amounts of activity after 3 weeks storage. 

Isoelectric precipitation carried out on K fractions in acid 
solutions (pH 3.3 to 6.5) has often given small amounts of very 
active material. The total yield, however, even when all frac- 
tions are tested, has been very small (losses up to 90 per cent 
of the initial activity). The factor is much less stable in acid 
than in basic solution. It does not precipitate sharply at any 
pH value but tends to come out of solution over a wide pH range, 
the greater amount precipitating in the neighborhood of pH 6.6 
to5.75. The results have been substantially the same in salt-free 
dlectrodialyzed samples. Some of our most potent extracts have 
been allowed to stand near pH 10.5 for weeks without marked loss 
of activity. For these reasons we have adopted the practice of 
storing our extracts made from the K powders in tightly stoppered 
bottles at pH 9.5 at 0°. They retain their activity well for 
l to 4 weeks. Frozen extracts stored at —10° are more stable. 
Repeated freezing and thawing result in marked loss of activity. 
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Reduction of Factor by Cysteine—K powders dissolved in 0,0} by 
m sodium phosphate solution and mixed with a large excess of | ob 
cysteine (final pH = 8.0) were stored at 0° under nitrogen for a 
period of 24 hours, after which they were dialyzed against large ult 
volumes of 0.01 m sodium carbonate solution (adjusted to pH | an 
9.5 by the addition of HCl) to remove cysteine and cystine, al 
The factor was not inactivated by this treatment. Similar le’ 
properties have been described for the growth hormone (24), ce 
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Fic. 4. The effect of heat and ultrafiltration upon the R.q.-reducing 
and ketogenic activity of anterior pituitary extract. The ultrafiltration 
studies were carried out on Extract 19, a crude alkaline extract. 





Heat Stability—Fig. 4 shows the results of a series of experi- 
ments carried out with Fraction 36Q and Extract 19 (a crude 
alkaline extract). A saline extract of 36Q powder was injected 
into a series of rats at 2.0 and 0.5 cc. levels. The average of these 
determinations gave R.Q. values of 0.79. A portion of this 
material was adjusted to pH 10 and heated to 100° for 15 minutes. 
Heating resulted in the complete loss of the ability to lower the 
R.Q. values, and a marked loss of the ketogenic potency as judged 
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by urinary and blood acetone values. Some workers have 
obtained comparable results (5, 7, 10); others disagree (16, 18). 

Ultrafiltrability—A crude alkaline extract of the pituitary was 
ultrafiltered through a collodion membrane and the ultrafiltrate 
and non-filtrable portions were tested for their r.Q.-depressing 
and ketogenic effects (Fig. 4). The ultrafiltrate was injected at a 
level equivalent to 80 times the unit dose (assuming equal con- 
centrations on the two sides of the membrane) and was found to be 
inactive. The non-filtrable portion was active in 1/80 the above 
dose. The ultrafiltrate was tested for urinary ketogenic effects 
at a dosage level calculated to be 120 times the amount required 
to give a unit R.Q. response. No significant increase in acetone 
exeretion occurred. The non-filtrable fraction was effective in 
increasing urinary acetone excretion. The factor is, therefore, 
not ultrafiltrable, a conclusion which is in agreement with that 
of some workers (10) but not of others (7, 9, 13, 25). 

Relation to Melanophore Hormone—A melanophore extract was 
prepared from the posterior lobe and pars intermedia of beef 
pituitary glands by the method of Zondek and Krohn (26). 
This preparation when injected into our test rats did not depress 
the r.q. (Fig. 4). The dose administered contained approximately 
3000 times the melanophore content found in the unit R.@.- 
depressing dose of our anterior lobe preparations. All melano- 
phore preparations were assayed on frogs. 


Other Hormones Found in Fraction 36K 


Thyrotropic Factor—A solution containing 2.12 mg. of 36K 
powder was injected subcutaneously into day-old chicks over a 
4 day period, according to the method of Bergman and Turner 
(27). The weights of the thyroid glands were not increased over 
controls. Hypophysectomized rats injected with a total of 110 
RQ. units over a 10 day period gave subnormal basal metabolic 
values. 

Adrenocorticotropic Factor—A solution containing 75 R.Q. units 
of 36K powder administered intraperitoneally to 21 day-old rats 
over a 4 day period failed to increase the weight of the adrenals. 
A total dose of 110 r.q. units of this powder when administered 
daily intraperitoneally over a 10 day period to completely hypo- 
physectomized rats (confirmed at autopsy) did not stimulate the 
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adrenals significantly. The rats, 120 to 140 gm. of body weight 
at operation, failed to grow or lost weight over a 15 day period 
before injections were initiated. After 10 days injection, adrenal 
weights of 10, 14, 16, 14, 12, and 11 mg. were recorded. 

Gonadotropic Factor—Four daily injections containing 75 rg. 
units of Fraction 36K injected intraperitoneally into 21 day-old 
rats caused but slight hypertrophy of the gonads. Cysteine- 
treated samples were inactive when tested at a 110 R.q. unit level, 
Hypophysectomized animals (body weight 120 to 140 gm.) treated 
for 10 days with a total of 110 r.q. units of Fraction 36K had 
ovaries weighing 8 to 20 mg. 

Growth Factor—Adult female rats with stationary body weights 
injected intraperitoneally daily for 20 days with a total of 110 r.a. 
units of Fraction 36K gained on an average of 24 gm. in body 
weight during the period. After storage for 7 months in a desic- 
eator over H.SO, at —3°, Fraction 36K was again assayed for 
growth potency in completely hypophysectomized rats. A total 
dose of 110 r.Q. units administered over a 10 day period resulted 
in 17 to 25 gm. of growth (average 23 gm.) during the period. 
At this time the powder had lost about 60 per cent of its R.q- 
reducing potency. The growth effects had likewise decreased 
markedly. 

Lactogenic Factor—The material (Fraction 36K) was tested by 
both the Lyons (28) and the Riddle et al. (29) pigeon methods at 
dosage levels of 1.5 and 70 R.q. units intradermally and intra- 
muscularly respectively and caused slight stimulation of the crop 
glands in each case. 

The fraction, therefore, contains small amounts of gonado- 
tropic and lactogenic material and considerable amounts of the 
growth factor. Extracts treated with cysteine at pH 8.0 ac- 
cording to the method of Meamber, Fraenkel-Conrat, Simpson, 
and Evans (24) proved to be free of gonadotropic material when 
tested at a 110 r.Q. unit level but contained small amounts 
of lactogenic and possibly adrenotropic material. 

Ketogenic Factor—Many of our different extract preparations 
have been tested for their ketogenic effects. The following 
methods have been adopted. Young male rats of body weights of 
175 to 250 gm. were fasted 24 hours before urine collection was 
started. The urine was collected between the 24th and 48th 
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hours (fore period). Anterior pituitary extracts or saline was 
then administered by intraperitoneal injection and the urine was 
collected between the 48th to 72nd hours (test period) and the 
72nd to 96th hours (post period). Blood*samples were taken at 
the beginning of the test period and again 4 hours later. Blood 
acetone bodies were determined by the method of Shipley and 
Long (10). Total urinary acetone body determinations were 
carried out by the gravimetric method of Van Slyke with the 
Denigés reagent (30). <A factor of 0.062 was used to convert the 
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MGMS. INCREASE IN ACETONE BODIES 


Fia. 5. Summary of the r.q.-reducing and ketogenic potency of different 
extracts showing the general parallelism between the two effects. Each 
point represents an average of five to seven or more separate determinations. 


urinary acetone precipitate to acetone. All results are ex- 
pressed as mg. of acetone. 

In general the ketogenic responses of different animals as well 
as of the same animal on different trials varied widely. This was 
especially true of the urinary excretion values. The blood ketone 
levels were somewhat less variable, as has been found by Shipley 
and Long (10) (see Table I, Group I). After a 48 hour fast the 
blood acetone levels varied from 1.3 to 27.6 mg. per cent, whereas 
the urinary values for the fore period (24th to 48th hours of fast) 
varied from 0.8 to 13.7 mg. per 24 hours. 
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Table I summarizes the blood and urinary acetone findings 
for the control (24th to 48th hour of fast) as well as for the test 
periods (48th to 72nd hours) as affected by the amount of anterior 
pituitary extract administered. The same extracts were assayed 
also by the R.Q. depression method. Groups III to V which re- 
ceived increasing amounts of extract showed only a doubtful 
increase in ketone excretion but had significantly higher blood 
ketone levels. When 2 to 3 units of anterior pituitary extract 
were given (Group VI) (a dose which reduced the R.Q. to about 
0.78), a significant increase in urinary ketone body excretion as 
well as a marked rise of blood ketones occurred. . 

The general parallelism between the R.Q.-reducing effects and 
the increase in blood acetone body content is shown in Fig. 5. 
Rach point represents an average of 5 to 7 or more individual 
blood determinations. We have prepared numerous extracts 
by a wide variety of procedures and have not been able to obtain 
an extract potent in either the r.q. effect or the ketogenic effects 
without being active also in the other. 


SUMMARY 


A method of assay is described for the respiratory quotient- 
reducing substance of the anterior pituitary gland, based upon 
the effect of the intraperitoneal injection of the extract upon the 
respiratory quotient of rats fasted 20 hours before and fed glucose 
2 hours after the injection of the extract under assay. An ap- 
proximate unit is defined as that amount of material which will 
reduce the respiratory quotient to 0.80 (from the control values 
of 0.86 to 0.94). A curve has been constructed relating the 
respiratory quotient to the dosage level. The effects of the 
same extracts upon the blood and urinary ketone body levels 
have been studied in the fasted rat. 

With these criteria, attempts have been made to concentrate 
and study the properties of the factor or factors involved. Basic 
extraction of frozen glands at pH 11.0 has given results far su- 
perior to those obtained by neutral, acid, buffer, or saline ex- 
traction. The factor is heat-labile (100° at pH 10 for 15 minutes) 
and non-diffusible through cellophane or collodion membranes. 
The activity of different extracts does not parallel their melano- 
phore content. The larger part of the factor is salted-out by full 
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saturation with NaCl or 0.2 to 0.45 saturation with ammonium 
sulfate. Isoelectrically a large part of the factor precipitates 
in the region of pH 6.7 to 5.75. The activity of the factor is not 
destroyed by treatment with excess cysteine at pH 8.0. It is 
more stable in the pH range 9.5 to 11.0 than at higher or lower 
pH values. It is much less stable in acid solution. By means of g 
modified Evans, Cornish, and Simpson alkaline procedure fol- 
lowed by repeated salting-out with 0.2 to 0.45 saturation with 
(NH4)2SOQ,, dialysis, and isoelectric precipitation between pH 
6.7 and 5.75 fractions have been prepared active in a unit dose of 
0.17 mg. of protein. Our best fractions are rich in growth factor 
and contain only small amounts of lactogenic and adrenocortico- 
tropic material. The ketogenic and R.Q.-reducing potencies of our 
fractions run approximately parallel. It has not been possible 
to separate the two effects. 
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MUCINASE: A BACTERIAL ENZYME WHICH HYDRO- 
LYZES SYNOVIAL FLUID MUCIN AND OTHER 
MUCINS* 


By WILLIAM van B. ROBERTSON, MARIAN W. ROPES, anv 
WALTER BAUER 


(From the Medical Clinic of the Massachusetis General Hospital, the 
Department of Medicine, Harvard Medical School, and the Massa- 
chusetts Department of Public Health, Boston) 


(Received for publication, January 2, 1940) 


In the course of a series of investigations undertaken in this 
laboratory to obtain as complete a knowledge as possible of the 
physiology of normal and pathological joints, investigations con- 
cerning the metabolism of synovial fluid mucin were undertaken. 
The two possible mechanisms for removal of mucin from the joint 
appear to be enzymatic destruction within the joint or removal by 
way of the lymphatics. In view of the known difficulty in remov- 
ing globulin (a smaller molecule than mucin) from the joint (1), 
it seemed probable that enzymatic activity was the important 
factor. 

In an attempt to obtain evidence of the presence in normal or 
pathological fluid of an enzyme capable of destroying mucin, 
specimens of sterile normal and pathological fluids were allowed to 
stand for varying periods of time at 25° and 37°. In no instance 
was any decrease in mucin noted nor did any change in mucin 
occur. However, in the course of other studies on synovial fluid 
mucin, a specimen of normal synovial fluid was encountered which 
had lost its viscosity and from which mucin could no longer be 
precipitated as a ropy mass by the addition of dilute acetic acid. 
The possibility that the mucin had been destroyed by an enzyme, 


* This is publication No. 40 of the Robert W. Lovett Memorial for the 
study of crippling disease, Harvard Medical School, Boston. 
The expenses of this investigation were defrayed by a grant from the 
Commonwealth Fund. 
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elaborated by contaminating bacteria, was immediately suggested, 
An anaerobic bacillus, identified as Clostridium perfringens,’ was 
isolated and found to produce an enzyme which decomposed 
synovial fluid mucin. 

The destruction of mucins or their prosthetic polysaccharides 
by a bacterial enzyme has been described by other workers. 
Neuberg and Cahill (2) isolated a bacterial enzyme capable of 
liberating sulfuric acid and reducing substances from the 
chondroitin of cartilage. Meyer, Dubos, and Smyth (3) demon- 
strated that the autolytic enzyme of the pneumococcus hydrolyzed 
“hyaluronic acid,” the polysaccharide obtained from vitreous 
humor, umbilical cord, and hemolytic streptococci. Since our 
studies were first undertaken, Meyer, Smyth, and Dawson (4) 
have reported that the autolytic enzyme of pneumococci hydro- 
lyzes a polysaccharide similar to hyaluronic acid, isolated from 
synovial fluid. 

The enzyme elaborated by Clostridium perfringens, which we 
have designated mucinase, hydrolyzes synovial fluid mucin in two 
stages. The first step produces a decrease in viscosity of the 
mucin solution and a change in the precipitability of the mucin 
with acetic acid. In place of the usual ropy, coherent mass, a 
completely atypical flocculent precipitate is obtained (Fig. 1). 
This change in precipitability takes place within a few minutes. 
Neither free amino sugars nor reducing substances are then present. 
A secondary reaction, proceeding at a much slower rate, liberates 
amino sugars and reducing substances, which reach a maximum in 
24 to 48 hours. All enzyme preparations have shown a similar 
relation between the rates of the two reactions. No increase of 
free amino groups is caused by the enzyme. 

A polysaccharide, isolated from synovial fluid mucin after 
tryptic digestion of the protein component, is similarly destroyed 
by mucinase. 

Fluids from many cases of specific infectious and rheumatoid 
arthritis show a decreased concentration of mucin, a lowered 
viscosity, and a change in the type of precipitate obtained with 


1 We are indebted to Dr. Louis Dienes and Dr. Helen Arnold of the 
Massachusetts General Hospital for bacteriological assistance, and to Dr. 
Ivan Hall of the University of Colorado, Denver, for corroboration of the 
identity of the organism. 
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The similarity of these changes to those produced 


acetic acid. 
by mucinase (see Fig. 1) suggests that they are caused by enzy- 


matic phenomena. 
1. Pre paration and Purification of Mucinase and Substrate 


Clostridium perfringens is cultured anaerobically for 18 hours in 
infusion broth containing a layer of meat. (Composition of 
broth: meat infusion, 0.5 per cent sodium chloride, 2 per cent 


Bacto-Peptone.) Omission of the meat results in reduction in the 








Fic. 1. Change in acetic acid precipitability of mucin during enzymatic 
digestion. From left to right, typical precipitate of good mucin; precipi- 
tate of mucin after partial enzymatic digestion with mucinase; precipitate 


of mucin after complete breakdown by mucinase. 


Incubation at 37° is only slightly 


mucinase activity of the culture. 
Repeated transfers of 


more favorable than cultivation at 20°. 
the organism into meat-layered infusion broth result in a variation 
of the characteristics of the culture. This change appears to be 
The broth becomes viscous and it is possible to 


irreversible. 
The concen- 


precipitate a mucoid-like substance with acetone. 
tration of mucinase is rendered difficult by these changes. 

500 cc. of an 18 hour broth culture are centrifuged and filtered 
(The activity of various broth 


through a Seitz bacterial filter. 
1 volume of ice-cold acetone is 


cultures fluctuates very little.) 
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added while the temperature is kept below 10°. 0.5 ce 


" of 4 
saturated calcium chloride solution is added. The calcium phos. 
phate thus formed effectively adsorbs the enzyme. The centri- 


fuged precipitate is washed well and finally suspended in approxi- 
mately 70 ec. of distilled water. The adsorbent is just dissolved 
with 3 N acetic acid. After centrifuging, the solution is dialyzed 
against cold distilled water for 48 hours and again centrifuged. 
The activity is increased approximately 900-fold. There are no 
detectable amounts of calcium, magnesium, or phosphate ions 
present. Heating at 60° for 5 minutes destroys its activity. At 
1°, the solution is fairly stable, losing about 20 per cent of its 
activity in | month. 

Kstimation of the activity of mucinase is based on the primary 
stage of the mucin degradation, as determined by the change in 
precipitability with dilute acetic acid (Fig. 1). 1 ce. of the 
enzyme-containing solution is added to 3 ec. of a 0.05 M phosphate 
solution, pH 7.4, containing approximately 15 mg. of mucin and 
mixed well. The reaction mixture is kept at 25°. Portions are 
removed at frequent intervals and pipetted into an excess of 1 per 
cent acetic acid. The end-point is considered reached when 
mucin fibers no longer appear. A fair accuracy can be obtained 
after an orienting determination. The complete breakdown of 10 
mg. of mucin in 10 minutes corresponds to an activity of 10. 

teducing substances were determined by the method of Hage- 
dorn and Jensen (5). Free amino sugar was determined as 
glucosamine after Morgan and Elson (6). An Evelyn photo- 
electric colorimeter with Filter 520 was used. 

Viscosity is the relative viscosity at 25°, as measured in a 
modified Ostwald pipette. The loss in viscosity may be used 
qualitatively as a test for mucinase action. 

For the preparation of synovial fluid mucin, the astragalotibial 
joints of steers? are aspirated within 30 minutes after death. The 
fluid is centrifuged and diluted with 5 volumes of water. The 
mucin is precipitated by the addition of acetic acid to a final 
concentration of 1 per cent. The ropy precipitate is washed with 
water and dissolved in one-half the original volume of 0.05 M 


? We are indebted to the New England Dressed Meat and Wool Company 
for their kind cooperation. 
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scondary sodium phosphate. After solution has taken place 
(approximately 2 hours), 2 volumes of alcohol are added and mixed 
well; the precipitation is completed with 1 volume of ether. The 
precipitate is washed and redissolved in the same volume of 0.05 m 
secondary sodium phosphate. This solution is poured into 4 
volumes of 1 per cent acetic acid; the precipitated mucin is washed 
and dissolved in 0.5 per cent sodium carbonate. The solution is 
dialyzed for 2 weeks against cold distilled water, centrifuged 
sharply, and concentrated by evaporation from the surface of a 
cellophane sack in the ice box. A 0.2 m solution of phosphate 
buffer, pH 7.4, is added until the concentration reaches 0.05 m. 
Upon the addition of dilute acetic acid, this very viscous solution 
gives the typical white, ropy precipitate, which is insoluble in 
water. The nitrogen content of the mucin is approximately 12.5 
per cent and upon hydrolysis the amino sugar yield is 7 per 
cent. 

The polysaccharide of synovial fluid mucin is obtained from the 
acetic acid precipitate from 10 liters of synovial fluid which is 
dissolved in 2 liters of 0.5 per cent sodium carbonate and repre- 
cipitated in 4 volumes of 2 per cent acetic acid. The mucin, 
redissolved in 2 liters of 0.5 per cent sodium carbonate, is precipi- 
tated by the addition of 2 volumes of alcohol acidified with acetic 
acid, redissolved in 0.5 per cent sodium carbonate, and the pH 
adjusted to 9. 5 gm. of trypsin (Pfanstiehl 1-110) are added 
and the mucin allowed to digest 36 hours at 38°. The resulting 
solution although still viscous gives no precipitate with dilute 
acetic acid. Trichloroacetic acid is added to a concentration of 
10 per cent to precipitate the remaining protein. The solution is 
then centrifuged, neutralized with potassium hydroxide, and 
precipitated with 3 volumes of alcohol. The flocculent precipitate 
is taken up in 600 cc. of water and reprecipitated with 5 volumes 
ofaleohol. The stringy mass is washed well with alcohol acidified 
with acetic acid, and ether, and dried in vacuo. About 3 gm. of 
the polysaccharide are obtained from 10 liters of fluid. The 
potassium salt is white and very fluffy. It is sulfur-free but 
contains traces of phosphorus. It is readily soluble in water, 
giving clear viscous solutions from which it is not precipitated 
with dilute acetic acid. A 0.2 per cent solution has a viscosity 
about 40 times that of water at 25°. 
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2. Characterization of Mucinase 


The effect of mucinase on synovial fluid mucin was followed 
quantitatively to determine whether the action of mucinase is dye 
to two enzyme systems. The rates of reaction of several enzyme 
preparations were compared for the two stages of the breakdown. 
The ratio of the rates of reaction was the same for each preparation, 
which indicates that only one enzyme is responsible for the two 
reactions. 


TABLE | 


Enzymatic Liberation of Amino Sugars and Reducing Substances 
from Synovial Fluid Mucin 


Ac- Length of digestion After 
Preparation tivity acid 
| 


—| 
per CC. | 30 min. | 6 brs. 12 hrs. | 25hrs. | 50 hrs, drolyein 


Amino sugars as mg. glucosamine per cc. 


Mucinase I[.. mo 75 0.0025 0.01 0.025 | 0.053 | 0.062 | 0.37 
% i a ; 160 | 0.006 | 0.035 | 0.067 | 0.062 0.062 | 0.37 
- .) 130 | 0.004 | 0.024 0.067 | 0.062 | 0.062 | 0.37 


Filtered culture of 
Clostridium perfrin- 
gens 24 | 0.004 | 0.005 | 0.011 | 0.022 


Reducing substances as mg. glucose per cc. 


Mucinase I 75 | 0.02 0.12 0.18 0.25 | 0.29 | 0.45 


” IT 160 | 0.08 | 0.25 | 6.30 | 0.30 | 0.31 | 0.45 
io III 130 | 0.05 | 0.19 | 0.29 | 0.30 0.31 | 0.47 


Filtered culture of 
Clostridium perfrin- 
gens .| 24 0.12 0.13 0.15 0.20 


1 ec. of each of the mucinase solutions to be tested was added 
to 20 ce. samples of a buffered mucin solution (5 mg. per ec.) and 
incubated at 38°. The original viscosity of 33.7 was reduced in 
each case to approximately 2 after 15 minutes of enzymatic diges- 
tion. The data as reproduced in Table I show the similarity of 
rates for the two stages. 

The action of mucinase on the polysaccharide from synovial 
fluid mucin was studied in similar experiments. The original 
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yiscosity of 59.6 was reduced to 1.5 after 15 minutes of enzymatic 
digestion. Amino sugars and reducing substances were liberated 


as shown below. 


After acid 





30 min. 24 hrs. 48 hrs. hydrolysis 
Amino sugars as mg. glucosamine 
per cc........ mee 0.0025 0.03 0.06 | 0.282 
Reducing substances as mg. glucose 
0.012 0.131 0.189 0.385 


per cc...... 





The activity of the mucinase preparation was 130 per cc. 


The specificity of mucinase towards other mucoids than that 
obtained from synovial fluid was determined qualitatively. Thus, 
iia buffered viscous solution of the mucoid lost its viscosity and 
characteristic precipitability after incubation with mucinase, it was 
considered a possible substrate for the enzyme. 

Mucinase did not affect gastric mucin (human or swine) or 
slivary mucin (human), both of which are secreted by mucous 
membranes, or chondroitinsulfuric acid obtained from cartilage. 
Cattle cartilage suspended for 1 week in an enzyme solution 
showed neither gross nor microscopic changes. 

Viscous solutions of mucins obtained from umbilical cord 
(human), and loose abdominal connective tissue fascia (rabbit) 
by extraction of these tissues with secondary sodium phosphate, 
and the clear viscous solution of macerated vitreous bodies 
(cattle) all gave typical mucin precipitates. In each case the vis- 
sity and characteristic precipitability were rapidly destroyed 
by mucinase. 

The control experiments, without added mucinase, were nega- 
tive except in the case of vitreous mucin. Vitreous mucin was 
destroyed after standing several hours at room temperature. 
Furthermore, centrifuged vitreous humor caused the breakdown 
of 10 mg. of added synovial fluid mucin during overnight digestion. 
A substance with mucinase activity is apparently present in the 
eye in small amounts. Meyer et al. (4) report an enzyme similar 
to the autolytic enzyme of pneumococcus in the ciliary body. 
In the vitreous humor the enzymatic activity is apparently due 
we ascorbic acid (7). 
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Further characterization of the enzyme is given by the following 
experiments which show the effect of various conditions on the 
rate of reaction of mucinase. 


Effect of Substrate Concentration 


1 ec. of a mucinase solution was added to varying amounts of 
mucin dissolved in buffer. The breakdown times are recorded. 


Mucin, mg. 10 20 30 40 60 100 
Time, min. 4 8 113 154 23 41 


The rate of reaction is constant and independent of the amount of 
mucin present. The accumulation of the primary degradation 
product does not affect the rate of mucinase reaction. 


EFFECT OF MUCINASE DILUTION UPON 
THE RATE OF ENZYME REACTION 


REACTION RATE MG. MUCIN PER MIN. 








= 4. j — 





oO. 02 0.3 04 05 06 o7 os 0.9 Lo 
CONCENTRATION OF MUCINASE 


Fig, 2 


Effect of Enzyme Concentration 


Several dilutions of a purified mucinase solution were made. 
1 ec. of each enzyme solution was added to 3 ce. of the mucin 
solution containing 15 mg. Fig. 2 shows the rate of enzyme reac- 
tion plotted against an arbitrary enzyme concentration. The 
curve shown is typical of three obtained with different enzyme 
preparations. The rate of reaction is not directly proportional 
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io the amount of enzyme present, the more dilute solutions being 
nore active. This effect may be due to protective colloids. 
Effect of Salt Concentration 
Preliminary experiments indicated that dialyzed mucinase 
preparations did not cause a breakdown of dialyzed mucin. The 
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EFFECT OF SALT CONCENTRATION 
UPON THE RATE OF ENZYME REACTION 
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REACTION RATE MG. MUCIN PER MINUTE 


0.2 F- 


a |/ 
j 
4 4 4 4 4 4 4 


0.01 0.02 003 0.04 005 006 007 





r i i 


006 009 0.1 





MOLAR CONCENTRATION OF PHOSPHATE 
Fic. 3 


addition of small amounts of salt activated the reaction. The 
diect of salt concentration was further investigated. 0.5 cc. ol 
mucinase was added to 2 cc. of a dialyzed mucin solution contain- 
ing 10 mg. of mucin and 1 ce. of phosphate buffer, pH 7.4, of 


varying concentration. 
Fig. 3 shows the increase in the reaction rate of mucinase with 
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increasing buffer concentration. Citrate, chloride, and sulfate 
salts reactivate the enzyme similarly. 


Effect of Viscosity 


1 ce. of a purified mucinase solution was added to 10 mg, of 
mucin dissolved respectively in 2, 4, 6, 8, and 16 cc. of 0.05 y 
phosphate buffer. The viscosities of these solutions ranged from 
24 to 2 respectively. The change in characteristic precipitability 
took place in each case in 5 minutes. Substrate dilution with 
resultant lowering of viscosity does not affect the rate of enzyme 
reaction. 

Effect of Temperature 


The breakdown of 10 mg. of mucin was carried out in a water 
bath kept at the desired temperature. The time in minutes 
required for breakdown of the mucin in two experiments is 
recorded. 


Temperature, °C. wn 0 10) 20 30 40 50 
Experiment I. | 42 24 13 74 4 | 2 
“ eee er 18 10 6} 33 | 2 

7 


Kyio.. 1.7 1.8 Fy 


1.8 1.8 

The average Ky is 1.75. Similar values have been reported for 
other enzyme reactions. Above 50°, destruction of the enzyme 
takes place rapidly. 


Effect of pH 


5 ec. of 0.5 N sodium chloride containing different amounts of 
0.5 N hydrochloric acid or of 0.5 N sodium hydroxide to adjust the 
pH were added to 10 cc. of a dialyzed mucin solution. The pH 
was determined with the glass electrode. The reaction times for 
the breakdown of the mucin in 3 cc. of these solutions by 1 ce. of a 
dialyzed mucinase solution were measured. 


pH | 26 | 391 43 | 63) 57 | 64] 68 | 74) 85] 
Time, min........ 84 9 | 9} | 82 | 8} 9 | 10} | 14 | 
The active optimal range is broad, extending from pH 3.9 to 
8.5. In the alkaline range, the activity diminishes until at pH 9.1 
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mplete inactivity has taken place. Because of precipitation of 
the mucin, the enzyme activity could not be measured between 


pH 3.9 and 2.5. 
Inhibiting Effect of Certain Substances 


tec. of a solution of substance to be tested was added to 1 cc. 
of a mucinase solution and the mixture added to 3 cc. of a 0.05 M 
phosphate buffer solution containing 15 mg. of mucin. The final 
concentration of the inhibitor and the time of reaction are re- 


corded : 


Water control aah ; J 5 min. 
Potassium cyanide, 0.03 m.............. ; te diosa a 

Sodium arsenite, 0.03 “ Satis Coane ats ve 

Iodine, 0.02 “ ci ...... No breakdown 


“ “ee 


“ + thiosulfate — 
er 
«“ + - oe eae 


“c ““ 


“ ae 


Caprylic alcohol, iodoacetic acid, maleic acid, hydrosul!fite, bisul- 
fite, sulfite, thiosulfate, fluoride, hydrogen peroxide, phenol, hep- 
arin, urethane, cysteine, cystine, ascorbic acid, as well as 2,6- 
dichlorophenol indophenol, methylene blue, leuco neutral red, and 
neutral red in concentrations up to 2 per cent did not inhibit the 
mucinase. 

The inhibiting effect of several of the above poisons on the 
liberation of amino sugars and reducing substances was studied 
(Table II). The specificity of action is the same for both stages 
of the enzymatic mucin degradation. 

l ce. of a mucinase solution was added to 50 cc. of a mucin 
slution containing 250 mg. of mucin. After 30 minutes, the loss 
in viscosity was complete. 5 ce. of the solution were added to the 
tubes containing the inhibitor and the tubes filled to 7 cc. In- 
creases in reducing substances and amino sugars were determined. 

We have not been able to reverse the action of iodine. This 
observation coupled with the inactivation by mild reducing 
substances, such as potassium cyanide and sodium arsenite, as 
well as the ineffectiveness of maleic acid, a specific inhibitor 
for enzymes with an active sulfide group (8), precludes the possi- 
bility that such a sulfide linkage is responsible for the mucinase 
activity. Stronger oxidizing and reducing substances are among 
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TaBLe II 


Effect of Inhibitors on Enzymatic Hydrolysis of Synovial 
Fluid Mucin 


Inhibitor 


0 hr. 18 hrs. 42 hrs. 


Reducing substances as mg. glucose per cc. 


0.03 m potassium cyanide 
0.02 ‘* sodium arsenite 


Gt .4, * oxalate 
Se sulfite 

0.02 “* iodine 

—” * + thiosulfate 
Control 


Amino sugars as mg. glucosamine per cc. 


0.01 0.02 0.02 
0.01 0.12 0.31 
0.03 0.14 0.28 
0.01 0.02 0.02 
0.24 0.25 0.25 


0.00 0.18 0.38 


0.002 0.003 





0.03 mM potassium cyanide 0.003 
0.02 ‘* sodium arsenite 0.002 0.002 0.004 
3a oxalate 0.003 0.0125 0.02 
? Re sulfite 0.003 0.0125 0.018 
0.02 ‘* iodine 0.002 0.002 0.002 
0.02‘ “ + thiosulfate 0.003 0.002 0.002 
Control 0.002 0.02 0.03 
Tasie III 
Mucinase Activity of Bacterial Cultures 
Clostridium perfringens 100 | Bacterium proteus bi 0 
Streptococcus bovis 30 - prodigiosum 0 
Pneumococcus Group VIII 15 > pyocyaneum 0 
= ~. aan 12 Clostridium tetani 0 

Clostridium oedematiens 1 ” botulinum 0 
Vibrion septique 3-4 Gonococcus sive 
Streptococcus viridans, 1 of 4 Staphylococcus aureus and albus... 0 

cultures 25 | Streptococcus hemolyticus scarla- 
Streptococcus hemolyticus, 1 of tinae 0 

8 cultures 15 | Diphtheroid 0 
Bacterium coli 0 | Bacterium dysenteriae, Sonné. 0 
Bacillus subtilis 0 | Clostridium bifermentans......... 0 


the substances which do not inhibit. 


It is, therefore, probable 


that oxidation or reduction processes play no important réle in 


the activation of mucinase. 
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3. Distribution of Mucinase 


Cultures of various organisms were studied in an attempt to 
determine the distribution of the enzyme and a possible correlation 
between mucinase activity and the association of organisms with 
yarious joint diseases. Cultures of organisms known to produce 
eptic joints with subsequent destruction of mucin (such as §- 
hemolytic streptococcus, pneumococcus, gonococcus, and Bacterium 
eli) were found to have little or no mucinase activity. Table III 
shows the relative activities of broth cultures of various organisms. 
The cultures used were 24 hour broth cultures of type strains. It 
is possible that mucinase activity could be increased or even in- 
duced by repeated transplantations in broth containing mucin or 
its polysaccharide. 


DISCUSSION 


The degradation of synovial fluid mucin or its polysaccharide, 
as catalyzed by the bacterial enzyme, mucinase, takes place in two 
distinct steps. The first step results in a loss of viscosity and 
change in precipitability with acetic acid. This is probably a 
depolymerization or disaggregation. The second stage liberates 
free amino sugars and reducing substances and is apparently a 
hydrolysis. Complete hydrolysis, however, is not produced, for 
only 20 per cent of the total amino sugars and 70 per cent of the 
total reducing substances, as determined after acid hydrolysis, 
are liberated. Isolation and identification of the end-products 
will be necessary to describe adequately the action of the enzyme. 

Whether or not mucinase is a single enzyme catalyzing both 
stages of the destruction of mucin is not certain. The fact that 
all enzyme preparations examined had the same relation of reac- 
tion times of the two stages suggests that it is only one enzyme. 
The similar specificity of inhibitors also indicates a single enzyme. 
However, comparison of the destruction of mucin to the amylolysis 
of starch suggests the possible presence of two enzymes. The 
rapid loss of viscosity, the subsequent slower liberation of reducing 
substances, and the reversible inactivation of the mucinase reac- 
tion by dialysis are similar to amylolysis. Amylase preparations 
from malt or pancreas have no effect on synovial fluid mucin. 
However, mucinase causes a loss of viscosity of starch paste. The 
amylase causing the loss of viscosity has been shown to be distinct 
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from that causing the liberation of reducing substances (9). 
Further attempts should therefore be made to separate the two 
activities of mucinase. 

The liberation of reducing substances from synovial fluid mucin, 
as catalyzed by mucinase preparations, is similar to the action of 
the autolytic enzyme of pneumococcus on hyaluronic acid, 
However, the characteristics of the two enzymes differ in several 
respects (Table IV). 

The attempt to demonstrate the presence of mucinase in the 
joint effusions of patients with rheumatoid or septic arthritis or 
in cultures of organisms known to be associated with joint diseases 
has not been successful. This does not, however, exclude the 


TaBLe IV 
Comparison of Mucinase and ‘‘Autolytic Enzyme of Pneumococcus”’ 


Autolytic enzyme 


Mucinase of pneumococcus 
(3, 4) 
Lysis of pneumococci..... a - + 
Effect of alcohol or acetone... None Inactivates 
* * jodine Irreversibly Reversibly 
inactivates inactivates 
‘“«  * arsenite... a Inactivates Reactivates 
5 ES « jaca ge oy None 
** “ hydrogen peroxide. .. None Inactivates 
pH range 3.9-8.5 4.5-8.0 


possibility that an enzyme causing a similar depolymerization is 
responsible for the degradation of mucin in pathological joints. 
It is interesting that Meyer et al. (4) have been able to isolate 
from the hemolytic streptococcus an enzyme which liberates 
reducing sugars from hyaluronic acid. This enzyme is endog- 
enous. We, however, have not been able to show mucinase 
activity even in those joint fluids heavily infected with virulent 
hemolytic streptococci. 

The results of other experiments on the modes of breakdown of 
mucin suggest two other mechanisms, in addition to the possible 
presence of an enzyme similar to mucinase, which may take part 
in the metabolism of mucin both in normal and in pathological 
joints. The first stage of the breakdown of mucin is catalyzed 
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rapidly by ascorbic acid-peroxide (7) and very slowly by serum 
atase.* It is possible that one of these systems is responsi- 
ble for the catabolism of mucin. 

The specificity of mucinase is significant. It does not hydrolyze 
mucins from mucous membranes and glands, but does hydrolyze 
mucins formed by mesothelial tissues (umbilical, synovial, and 
connective tissue) as well as vitreous mucin, the histogenetic 
origin of which is unknown. This specificity suggests that the 
mucin extracted from connective tissue is identical with that of 
synovial fluid and gives further support for the concept that 
synovial fluid is formed, at least in part, by the connective tissue 
ells surrounding the joints (10). The fact that the mucins of 
the tissues so regularly involved in rheumatoid arthritis are 
digested by mucinase suggests that the presence of mucin in these 
tissues is of fundamental importance in the localization of this 


disease . 
SUMMARY 


1, An enzyme (or enzymes), mucinase, may be isolated from 
broth cultures of Clostridium perfringens. 

Mucinase can be purified and concentrated 900-fold by adsorp- 
tion on calcium phosphate from a 50 per cent acetone solution. 

Mucinase causes loss of viscosity of solutions of synovial fluid 
mucin or of the prosthetic polysaccharide, and subsequent libera- 
tion of amino sugars and reducing substances. 

Mucinase is active in the pH range 3.9 to 8.5. The temperature 
coefficient is K,) 1.75. Inactivation takes place at 60°. Removal 
of salts causes inactivation which is reversible. Mucinase is 
inactivated irreversibly by cyanide, arsenite, or iodine. 

2. Mucinase is not peculiar to Clostridium perfringens but is 
present in varying concentrations in the broth cultures of several 
other microorganisms. 

8. Mucinase hydrolyzes also the mucins of vitreous humor, 
umbilical cord, and connective tissue, but does not hydrolyze 
the mucins from mucous membranes and glands. 


*We are indebted to Dr. Thannhauser for the serum phosphatase which 
Was a concentrated serum obtained from a dog with a ligated common 


bile duct. 
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THE CONSTITUTION OF CONJUGATED PHENOL- 
PHTHALEIN FORMED IN THE ANIMAL BODY 
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(From the Laboratories of The Rockefeller Institute for Medical Research, 
and the Department of Chemistry, Columbia University, New York) 


(Received for publication, January 18, 1940) 


The physiological fate of phenolphthalein in the organism, which 
isdealt with here, has been studied since the discovery by Vamossy 
(1) in 1901 of its action as a cathartic. In 1909, Fleig (2) remarked 
that, since there was an increased secretion of ethereal sulfates in 
the urine when phenolphthalein was given, the substance is 
probably eliminated as a sulfo-conjugué. In dogs a small part, 
he believed, seemed to be excreted as a glycuro-conjugué, but no 
evidence was presented. In 1909, while looking for a cathartic 
which was soluble and which could be injected, Abel and Rown- 
tree (3) found conjugated phenolphthalein and conjugated phenol- 
tetrachlorophthalein in the bile and urine after injection of the 
simple substances into dogs. 

Later Fantus and Dyniewicz (4) were able to detect phenol- 
phthalein in conjugated form in both the blood stream and the 
urine after administration of the compound. With human beings 
they found only conjugated phenolphthalein in the urine when the 
doses taken were small (30 to 60 mg.), while with larger doses 
(300 mg.) free phenolphthalein was present in addition to the 
conjugate. In the same laboratory, blood serum taken at a time 
when conjugated phenolphthalein was present was used by Rosen- 
thal (5) in a study on the sensitization of animals to the substance. 

In the course of experiments on the sensitization of animals to 
phenolphthalein the present writer was led to the investigation 
of the nature, as yet not established, of the compound occurring in 
the serum and urine of animals treated with phenolphthalein. 


EXPERIMENTAL 


Rabbits and guinea pigs were treated as in the experiment of 
Rosenthal (5) by injecting colloidal phenolphthalein intramuscu- 
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larly or intracutaneously. Rabbits were injected with 25 ml. 
guinea pigs with 10 ml., of a 2 per cent solution prepared by the 
method of Fantus and Dyniewicz (6). 5 gm. of gelatin were dis. 
solved in 50 ml. of hot water, autoclaved, and combined with a 
solution of 2 gm. of phenolphthalein in 50 ml. of 0.4 Nw sodium 


TaBLe | 
Excretion of Phenolphthalein in Urine of Rabbits 
Each rabbit received, by intramuscular or intracutaneous injection, 
25 ml. of a colloidal solution, containing 500 mg. of phenolphthalein. 


Rabbit I. Intramuscular Rabbit II. Intramuscular 
Days after ———— 
injection Free Combined Free Combined 
Urine henol- peas “ Urine phenol- henol- 
phthalein phthalein phthaiein | phthalein* 
ml, mg. mg. ml. mg. eet 
l 0 0 
2 0 0 
3 140 0.1 16 97 0.2 8 
4 160 0 3 0 
5 100 0 2 65 0 3 
6 113 0 0.4 130 0 1 
Total recovered 0.1 21.4 0.2 | 12 
Rabbit II. Intracutaneous Rabbit IV. Intracutaneous 
l 0 7 0 0.1 
2 103 0.01 91 81 0.7 | 220 
3 0 0 
i 133 0 6 25 2 5 
5 80 0 5 82 0 4 
6 190 0 8 40 0 0.3 
7 40 0 l 
Total recovered 0.01 | 111 2.7 | 220.4 


* Combined phenolphthalein in terms of its phenolphthalein content. 


hydroxide previously autoclaved. After mixing, the sodium 


hydroxide was neutralized by passing carbon dioxide over the 
surface until the color was just discharged. After injection by one 
of the two routes, each animal was placed in a metabolism cage 
and the dark colored urine was collected in bottles containing 
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toluene for 3 or 4 days. ‘Table I shows the daily rate of excretion 
jn such an experiment. 

It can be seen from Table I that at best only about 45 per cent of 
the phenolphthalein administered was recovered, indicating that a 
large proportion had been broken down. 

In the determination of free phenolphthalein, the urine was 
freed of protein by precipitation with acetone, which was then re- 
moved in vacuo. The resulting urine was extracted with ether 
until the last extract gave no evidence of phenolphthalein. The 
combined extracts were filtered and the filtrate evaporated to 
dryness. The residue was taken up in a glycine buffer of pH 
10.2 and the color of the resulting solution was compared with 
known phenolphthalein solutions. 

After ether extraction of free phenolphthalein, the urine was 
acidified to Congo red with hydrochloric acid and shaken with 
several portions of ethyl acetate in order to extract combined 
phenolphthalein. Three or four extractions were required to 
remove all the conjugate from the solution. The ethyl acetate 
extracts were pooled and filtered, and to estimate the phenol- 
phthalein present an aliquot portion was hydrolyzed with 2 n 
hydrochloric acid at 100° for 30 minutes to 1 hour. The color 
developed at pH 10.2 was compared with standards as above. 
The ethyl acetate extraction served to eliminate the highly colored 
constituents of the urine which would have interfered in the color 
comparison. 

The feces showed traces of free, but no conjugated phenolphtha- 
lein. 

In order to secure the phenolphthalein conjugate formed in the 
animal body, the urine of treated animals was freed of contami- 
nants, such as small quantities of feces, filtered, and stored in the 
ice chest under toluene until the quantity desired for processing at 
one time had been collected. It was then treated with 3 volumes 
of acetone to remove protein, the flocculent precipitate being 
allowed to settle, and then filtered off. The acetone was evapo- 
rated from the filtrate under reduced pressure, the resulting fluid 
being dark brown. This was extracted with ether several times 
in order to remove free phenolphthalein. At the beginning of the 
work the solution at this point was precipitated with lead ace- 
tate and the precipitate was eluted with neutral phosphate (pH 
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6 to 7); it was later found possible to omit this step. The fluid was 
acidified to Congo red with hydrochloric acid and extracted several 
times with ethyl acetate. The pale yellow extract was filtered. 
and then decolorized with charcoal. 

Since the substance was soluble in organic solvents only when 
in a strongly acid condition, it appeared to be acidic in nature. 
A strongly positive result with the naphthoresorcinol test indicated 
the presence of a uronic acid. 

A number of unsuccessful attempts were made to obtain a 
crystalline derivative of the compound, several alkaloids and 
metallic salts being used. A crystalline salt was finally obtained 
by the use of cinchonidine, an alkaloid whose successful use in the 
separation and crystallization of a uronic acid derivative had been 
reported by Heidelberger and Kendall (7). 

The decolorized solution of the phenolphthalein conjugate in 
ethyl acetate was mixed with an excess of cinchonidine dissolved 
in ethyl acetate. An amorphous precipitate appeared which began 
to crystallize after standing for a short time. The crystallization 
was completed by allowing the mixture to stand overnight at 
room temperature. The crystalline product was filtered off and 
washed with ethyl acetate. 

Purification of the product was made possible by the fact that 
in boiling dioxane a part of the material went into solution easily, 
while the rest was difficultly soluble. In this manner two fractions 
were obtained, an undissolved white residue and a pale yellow fil- 
trate, which on cooling deposited minute prisms. These crystals 
seemed to be a mixture, since after being extracted with boiling 
water the residue yielded, on crystallization from dioxane, a sub- 
stance resembling in all respects the cinchonidine compound de- 
scribed below. 

The relatively insoluble white residue was brought into solution 
by boiling with a large volume of dioxane. After six or seven 
recrystallizations from this solvent, the substance separated in 
long white needles grouped in sheaves. Further recrystallizations 
from absolute alcohol yielded very long, fine white needles. When 
heated rapidly, the crystals decomposed at about 190° without 
melting. 

When alkali was added to a water suspension of the crystals, no 
pink color was seen, but the solution became faintly yellow. How- 
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ever, when the material was heated with 2 N hydrochloric acid at 
100° for 30 minutes to | hour and then made alkaline, the typical 
phenolphthalein color was developed. When this pink solution 
was just decolorized with acid, and extracted with ether, a sub- 
stance was obtained from the ether extract which crystallized from 
50 per cent alcohol, and had a melting point of 258.0-258.5°. A 
mixed melting point with phenolphthalein gave no depression. 

A naphthoresorcinol test on a water suspension of the crystalline 
cinchonidine compound gave the ether-soluble purple color typical 
of uronic acids. This also gave an absorption in the yellow as with 
uronic acids. 

In order to obtain the phenolphthalein conjugate as a free acid, 
an acidified water suspension of the cinchonidine compound was 
extracted with ethyl acetate. The extract was filtered and evap- 
orated to dryness, giving a colorless gum. This was readily 
soluble in cold methanol, ethanol, ethyl acetate, dioxane, and 
pyridine; slightly soluble in ether; insoluble in benzene or toluene. 
It was slightly soluble in cold, and soluble in hot water, separating 
on cooling as a colorless viscous mass. The water solution was 
distinctly acid to litmus. 

The conjugated phenolphthalein is hydrolyzed by acids, but 
resists boiling for 20 minutes in 4 N sodium hydroxide. Fehling’s 
solution and Tollens’ reagent are not reduced by the conjugate. 
If the solution is first hydrolyzed with dilute acid, both Fehling’s 
solution and Tollens’ reagent are reduced in the cold. These two 
simple tests indicate that the linkage between phenolphthalein 
and the uronic acid is split by acid and involves the aldehyde 
group, which seems to point to a glycoside linkage. This is further 
confirmed by the fact that mutarotation was not observed. 

As a further test for this type of binding, enzyme hydrolysis 
was employed. Helferich (8) found that almond emulsin splits 
those 8-glycosides whose sugar has the same configuration on the 
first 3 carbons as has -glucose. This does not, however, seem to 
apply to 8-glucuronides, since Bergmann (9) could not hydrolyze 
B-naphthol-8-glucuronide with emulsin. In fact, Helferich and 
Sparmberg (10) stated that even though there was some evidence 
of splitting by this enzyme of l-menthol-8-glucuronide, the action 
was not like that on the 6-glucosides. They suggested that some 
special enzyme is required to hydrolyze #-glucuronides. This 
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enzyme Masamune (11) found in an extract of ground kidney, and 
called 8-glucuronidase. 

With crude almond emulsin, traces of free phenolphthalein were 
liberated from the conjugate after 48 hours. On the other hand. 
the hydrolytic action of crude kidney extract was noticed in less 
than 30 minutes and was very strong after 3 hours. These experi- 
ments indicate that the linkage in conjugated phenolphthalein js 
of the 6-glucuronide type. 

In alkaline solution the conjugate has a yellow color. Early 
work on phenolphthalein derivatives showed that its monomethy] 
ether, when treated with an alkali, gives a yellow solution in con- 
trast to its dimethyl ether (12, 13). This and the above qualita- 
tive tests would appear to show the crystalline compound to be the 
cinchonidine salt of phenolphthalein-mono-f-glucuronide. 

The cinchonidine compound, crystallized from alcohol, was 
analyzed (a) after being dried in a vacuum at 80°; almost the same 
values (b) were obtained after recrystallization and drying at 80° 
in a high vacuum. The figures obtained correspond very closely 
to those required by a monoalcoholate. 


(a) 4.402 mg. substance: 10.900 mg. CO, and 2.350 mg. H,.O 


(b) 4.830 “ vg en * “+ ¢ gem em 
(c) 9.515 ‘ + : 0.297 ml. Nz (761 mm. at 27°) 
CyHyOuNe. Calculated. C 68.49, H 5.6, N 3.55 
CywHwO1N2-C:H,OH. 5 ** 67.59, ** 6.0, ** 3.36 
Found. (a) ** 67.53, (a) ‘* 6.0, (c) “ 3.55 
“cs (b) rT 67.53, (b) “61 


The alcoholate crystals were again crystallized from dioxane, 
somewhat prolonged boiling being required to dissolve them com- 
pletely. After the solution had stood overnight, a crop of erys- 
tals was obtained which differed from those of the alcoholate in 
that they were much more easily soluble in boiling dioxane. After 
recrystallization from dioxane, values corresponding to the cin- 
chonidine salt, combined with 1 mole of dioxane, were obtained.’ 


4.192 mg. substance: 10.270 mg. CO, and 2.330 mg. H.O 


CwHyOuNs. Calculated. C 68.49, H 5.6 
CysHyOi:N2-CyH Or. “: ** 67.09, ‘* 6.0 
Found. ** 66.80, ‘* 6.2 


1 The Pregl determinations for this paper were kindly performed by Dr. 
Elek in the laboratory of Dr. P. A. Levene. 
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The phenolphthalein content of the molecule was determined 
colorimetrically with the Zeiss Pulfrich photometer. A weighed 
sample of the alcoholate was hydrolyzed with 4 N hydrochloric acid 
at 100° for 1 hour. This treatment was found sufficient to insure 
complete hydrolysis. The resulting solution was almost neutral- 
ized and extracted with several portions of ether. The ether ex- 
tracts were combined, evaporated to dryness, and the residue 
transferred to a volumetric flask with enough alcohol to make 20 
per cent of the final volume. 2 ml. of this solution were mixed 
with 2 ml. of a glycine buffer of pH 10.2 (14). Comparison in the 
photometer with standard solutions of phenolphthalein similarly 
prepared in 20 per cent alcohol solution gave the following result. 


CywHuOuN:2-C:H,OH. Calculated. Phenolphthalein, 38.1% 
Found. <4 39% 


A solution of the alcoholate was made in 80 per cent alcohol, in 
which it is more soluble than in absolute alcohol, by dissolving 
98.7 mg. of the crystals in 5 ml. of solution. The specific rotation 


was as follows: 


lals’ = = = —64.5° (in 80% alcohol) 
The rotation remained constant over a period of 24 hours. 

The blood sera of treated rabbits and guinea pigs also contained 
a substance which gave the qualitative tests for the phenol- 
phthalein-monoglucuronide. 

The experiments described show that phenolphthalein injected 
into rabbits and guinea pigs is eliminated as a glucuronide. No 
phenolphthalein sulfate was found in the ethyl acetate extract 
described above, which contained all the bound phenolphthalein. 
There was organically bound sulfate in the urine, #.e. giving a 
barium precipitate only after hydrolysis with hydrochloric acid, 
but this contained no phenolphthalein. Also present in this fluid 
was a considerable quantity of uronic acid, not combined to 
phenolphthalein, detectable by the naphthoresorcinol test. 


SUMMARY 


Phenolphthalein injected into rabbits and guinea pigs is con- 
jugated with glucuronic acid. The conjugate was isolated from 
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the urine and crystallized as the cinchonidine salt, with 1 molecule 
of alcohol or dioxane of crystallization. The properties of the 
conjugate are described and it is shown to be phenolphthalein- 
mono-§-glucuronide. 


— 


o.* 
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LETTERS TO THE EDITORS 





THE VITAMIN K ACTIVITY OF 4-AMINO-2-METHYL-1- 
NAPHTHOL AND 4-AMINO-3-METHYL-1-NAPHTHOL 


Sirs: 

Considerable interest has been manifested in potent water- 
soluble vitamin K preparations. Of the various compounds 
prepared in this laboratory, we find that 4-amino-2-methyl-1- 
naphthol and 4-amino-3-methyl-l-naphthol are the most prom- 
ising. As the hydrochlorides they are readily soluble in water 
or saline solution and can be given either orally or parenterally. 





: _ er cent 4 hick on 
Sample De No. of _ clotting nO Cc 2-methy!- 
No. -” chicks —> © — a a5 naphtho- 
| quinone 
7 min =“ 
4-Amino-2- I 0.30 12 58 10.7 
methyl-1- 0.45 12 83 7.0 2090 1045 
naphthol * II 0.35 12 33 16.2 
0.70 12 73 13.8 2468 1234 
III 0.40 12 42 11.4 
0.65 12 67 8.6 2740 1370 
IV 0.40 10 30 18.0 
0.75 10 80 6.1 2450 1225 
V 0.40 15 29 18.1 
0.60 15 50 12.8 2323 | 1162 
Average (5 tests) ’ 2415 1208 
4Amino-3- 0.9 15 53 12.6 
methyl-1- 1.2 15 67 9.3 
naphthol* 1.8 15 79 6.2 1567 784 





* Both compounds were administered orally in the form of their water- 
soluble hydrochlorides. 


The potency of the two preparations is given in the accompanying 
table expressed as curative chick units and also in terms of the 
285 
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standard 2-methyl-1,4-naphthoquinone. 4-Amino-2-methyl-1- 
naphthol is almost 3 times as potent as vitamin Kj.' Clinically, 
the former has been found to give excellent results. Daily doses 
ranging from 3600 to 7200 curative chick units given intravenously 
restored to normal severe prothrombin deficiency of obstructive 
jaundice within 2 to 3 days. Infants have responded within 12 
hours to a dosage of 1800 units, as have dogs with severe pro- 
thrombin depletion induced by biliary fistula. 
Research Laboratories 


Parke, Davis and Company 
Detroit 


A. D. Enmerr 
Ouiver Kamu 
EF. A. SHarp 


Received for publication, January 25, 1940 


1 Emmett, A. D., Brown, R. A., and Kamm, O., J. Biol. Chem., 182, 


467 (1940). 
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ON HYDROXYLYSINE 


Sirs: 

Structure—The following evidence, added to that previously 
published,’ indicates with some degree of probability that the 
diamino acid crystallized from gelatin' has one of the two fol- 
lowing structures, CH2(NH»)-CH(OH)-CH,-CH,.-CH(NH,)-- 
COOH or CH,(OH)-CH(NH,)-CH,-CH.-CH(NH,)-COOH. 

Electrometric microtitration (by Ha. and K.) shows three 
buffer groups with pK’ values of 2.20, 8.70, and 9.50. Lysine 
under the same conditions gave pK’ values of 2.20, 8.90, and 10.28. 
The difference of 0.8 between the pK’ values of the most alkaline 
buffer groups of the respective amino acids indicates that the 
hydroxyl group of the hydroxylysine is probably on the carbon 
adjacent to that bearing the most basic NH: group, which from 
comparisons with other amino acids is presumably the non-a NHs. 

If hydroxylysine is treated with an excess of periodate at pH 8 
to 12, there is an instantaneous consumption of 1 atom of oxygen 
from the periodate, with formation of 1 mole each of ammonia 
and of formaldehyde, which was isolated as dimedon compound.* 
According to Malaprade* and Criegee* it is characteristic of 
periodic acid to split a chain between 2 carbon atoms bearing 
respectively OH and OH or OH and NH: groups, and Nicolet and 
Shinn® have recently confirmed this rule with the hydroxyamino 
acids, threonine and serine. Our results with periodate therefore 
agree with the titration curves in locating the OH and one NH, 
on adjacent carbons. The formaldehyde formation shows that 
one of these carbons is at the end of the chain; the NH¢z of the 
—CH(OH)—-CH(NH:)— group must accordingly be on either 
the terminal or the next carbon. 


Van Slyke, D. D., Hiller, A., Dillon, R. T., and MacFadyen, D. A., 
Proc. Soc. Exp. Biol. and Med., 38, 548 (1938). 
*Vorlinder, D., Z. anal. Chem., 77, 241 (1929). 
*Malaprade, L., Bull. Soc. chim., 1, 833 (1934). 
*Criegee, R., Angew. Chem., 60, 153 (1937). 
* Nicolet, B. H., and Shinn, L. A., J. Am. Chem. Soc., 61, 1615 (1939). 
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Neither the titration curve nor the composition of hydroxylysine 
preparations from acid solutions gives evidence of lactone forma- 
tion. The absence of lactone formation indicates the probability 
that the carbon chain is straight rather than branched. If there 
were a branch, either the OH or the adjacent non-a NH¢ would 
be attached to a carbon in the y position to the carboxyl, and 
lactone formation would be probable. 

Determination—The instantaneous formation of a mole of 
ammonia by action of alkaline periodate is shown not only by 
hydroxylysine, but also by serine, threonine, and synthetic dl-¢- 
hydroxyglutamic acid (obtained by courtesy of Dr. H. D. Dakin), 
and affords a simple analytical means of differentiating these 
hydroxyamino acids from those which do not have the 

CH(NH,)—CH(OH)— group. To the amino acid mixture 
one merely adds periodate and saturated K:CQO; solution, and 
determines the ammonia by aeration in the urea apparatus of 
Van Slyke and Cullen.* Cystine, tryptophane, and methionine, 
as shown by Nicolet and Shinn,* also consume periodate oxygen. 
They do not, however, yield ammonia. 

Work on the structure of hydroxylysine is being continued. 


Hospital of The Rockefeller Institute Dona.p D. Van SLYKE 
for Medical Research AutMA HILLER 
New York Dove.tas A. MacFapyen 
Department of Biological Chemistry A. Barrp Hastines 
Harvard Medical School FrrepRicH W. KLEMPERER 
Boston 


Received for publication, January 31, 1940 


* Van Slyke, D. D., and Cullen, G. E., J. Biol. Chem., 19, 211 (1914); 
24, 117 (1916). 








‘lysine 
forma. 
ability 
there 
would 
l, and 


le of 
ly by 
dl-f- 
kin), 
these 
the 
‘ture 
and 
is of 
Line, 
gen. 











SEPARATION IN NEARLY PURE FORM OF LUTEINIZ- 
ING (INTERSTITIAL CELL-STIMULATING) AND 
FOLLICLE-STIMULATING (GAMETOGENIC) 
HORMONES OF THE PITUITARY GLAND 


Sirs: 

No satisfactory method of separating pure or nearly pure 
gonadotropic hormones from the pituitary gland appears to have 
been published in terms of the following requirements: (1) separa- 
tion occurs in a single stage without serious loss; (2) the biological 
potency and purity are established in hypophysectomized im- 
mature rats; and (3) there is physicochemical evidence that the 
hormones are nearly pure. It is believed that the procedures 
outlined below, if rigidly followed, meet these requirements. 

Fresh whole pituitary glands (hog) are fractionated to the last 
stage of a published method.' A salt-free aqueous solution of 
both hormones (protein N = 4.0 mg. per cc.) is half saturated 
with (NH,)sSO, and brought to an apparent pH of 4.2. The 
precipitate contains no activity and is filtered. The protein in 
the filtrate is precipitated by (NH,).SO, at 0.9 saturation, filtered, 
and dialyzed until free from sulfate. To 1 volume of the dialyzed 
solution of hormones are added 1 volume of 1 M acetate buffer, 
pH 4.41, and 2 volumes of 41 per cent Na,SO,.2_ The precipitate 
is almost pure luteinizing (interstitial cell-stimulating) hormone, 
whereas follicle-stimulating (gametogenic) hormone remains in 
solution. Luteinizing hormone is purified to a high degree by 
repetition of this procedure until the dissolved protein nitrogen is 
constant (0.025 mg. per cc.). Follicle-stimulating hormone is 
relatively very soluble in the acetate buffer-sodium sulfate solution 
and is precipitated by adding about 40 gm. of (NH,)2SO, to each 
100 ce. of filtrate. The precipitate is dialyzed until salt-free. 
All the steps are repeated until a concentrated aqueous solution of 


‘Chow, B. F., Greep, R. O., and van Dyke, H. B., Proc. Am. Physiol. 
Soc., Am. J. Physiol., 126, P 462 (1939); J. Endocrinology, 1, No. 4 (1940). 
* The solution must be kept in an incubator and pipetted while warm. 
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follicle-stimulating hormone is completely free from turbidity 
when 1 volume of acetate buffer and 2 volumes of sodium sulfate 
solution are added. 

In immature hypophysectomized male rats a total dose of 
0.002 mg.* causes a detectable gonadotropic effect; luteinizing 
hormone causes testicular hypertrophy and enlargement of the 
anterior prostate, whereas follicle-stimulating hormone causes 
only testicular enlargement. A dose of 0.360 mg.‘ of follicle 
stimulating hormone is followed by no enlargement of the anterior 
prostate. Similarly 0.360 mg.‘ of luteinizing hormone has no 
effect on the weight of the ovaries or uterus of hypophysectomized 
immature females. Definite ovarian hypertrophy is produced 
by 0.010 mg. of follicle-stimulating hormone but not by 0.002 
mg.; large doses of this hormone over a period of 10 days cause 
marked follicular growth with relatively slight change in the 
weight of the uterus. Histological studies are in progress. 

Solubility studies have been made with two solvents® for 
luteinizing hormone and one® for follicle-stimulating hormone. 
There is no evidence of contaminating proteins if the concentration 
of solid phase is 5 times that saturating the solution, though an 
increase in the amount of protein nitrogen dissolved is observed 
if the solid phase is 100 times that necessary for saturation. 

We are under great obligation to Dr. John H. Northrop for 


advice. 


Division of Pharmacology R. O. Greer 
The Squibb Institute for Medical Research H. B. van Dyke 
New Brunswick Bacon F. Crow 


Received for publication, February 15, 1940 


* All doses are expressed as mg. of nitrogen; no potentiating agent was 
used. 

‘ Larger doses were not used 

5 (1) 0.25 m acetate buffer, pH 4.41, containing 20.5 per cent NasS0,; 
(2) 0.25 m acetate buffer, pH 4.41, containing 15.4 per cent Na,SQ,. 

* 0.6 saturation of (NH,).SO, containing 0.15 m acetate buffer of pH 4.48. 
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THE ACTION OF FATTY ACIDS ON THE CHOLINE 
OXIDASE OF RAT LIVER 


Sirs: 

The relationship of choline oxidase to fat metabolism is still 
not clear. The enzyme may prevent the accumulation of choline 
in the liver when phospholipids are being catabolized. On the 
other hand, if the enzyme is equally active at all times, it is difficult 
to see how sufficient choline can accumulate for the synthesis of 
phospholipids from fatty acids. It seemed possible that fatty 
acids might inhibit the activity of the oxidase and, if so, that the 
concentration of fatty acid at any time would determine how 
much free choline would be oxidized and how much would be used 
for the synthesis of the phospholipids. 

The accompanying table shows the effect of stearic acid on the 
choline oxidase and other oxidases present in the standard rat 
liver preparation made by a method already described.' The 


Effect of 0.004 M Stearic Acid in Buffer on Activity of Various Oxidases in 
Rat Liver Preparation 
2.0 mg. of each substrate were used in a total volume of 2.0 cc. in the 
Warburg vessels. p-Phenylenediamine was the substrate for the cyto- 
chrome oxidase, proline for the d-amino acid oxidase, and isoamylamine 
for the amine oxidase. The stearic acid was added before the substrates. 
0.05 m phosphate buffer, pH 6.7, 37°. 





Oxidase Inhibition 

per cent 
Choline | 61 
Succinic. . | 19 
Cytochrome. . 13 
d-Amino acid. . s 


Amine. . 0 
percentage of inhibition depends on the relative amounts of acid 
and enzyme. The choline oxidase is by far the most sensitive. 


' Bernheim, F., J. Biol. Chem., 133, 141 (1940). 
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As the concentration of stearic acid is increased, the succinoxid 

is inhibited next and then the cytochrome oxidase. The d-aming: 
acid and amine oxidase are inhibited significantly only by mug 
larger concentrations. When stearic acid causes a 60 per cent 
inhibition, palmitic and oleic acids in equivalent concentrations 
cause 41 and 29 per cent inhibition respectively. The inhibition” 
occurs only below pH 7.0, indicating that the undissociated aed) 
is the active agent. The initial concentration of choline does not 
affect the percentage of inhibition. Fats such as olive and eed” 
liver oils and a mixture of cephalin and lecithin are without effeet, 
Department of Physiology and Pharmacology FREDERICK BeRNHEIM 


Duke University School of Medicine 
Durham, North Carolina 
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